Award Number: DAMD17-02-1-0375

TITLE: CBP and Extracellular Matrix-Induced Apoptosis in p53(-)
HMECs: A Model of Early Mammary Carcinogenesis

PRINCIPAL INVESTIGATOR: Victoria L. Seewaldt, M.D.

CONTRACTING ORGANIZATION: Duke University Medical Center
' Durham, North Carolina 27710

REPORT DATE: September 2004
TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20050413 032




REPORT DOCUMENTATION PAGE SR ooy

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining

the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for

reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

(Leave blank) September 2004 Annual (1 Sep 03 - 31 Aug 04)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
CBP and Extracellular Matrix-Induced Apoptosis in p53(-) DAMD17-02-1-0375

HMECs: A Model of Early Mammary Carcinogenesis

6. AUTHOR(S)
Victoria L. Seewaldt, M.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Duke University Medical Center REPORT NUMBER
Durham, North Carolina 27710

E-Mail: Seewal0l@mc.duke.edu
9. SPONSORING / MONITORING 10. SPONSORING / MONITORING
AGENCY NAME(S) AND ADDRESS(ES) AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT . 12b. DISTRIBUTION CODE
Approved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 Words)

Interactions between normal mammary epithelial cells (HMECs) and extracellular matrix
(ECM) are important for mammary gland homeostasis and loss of ECM-sensitivity is an early
event in mammary carcinogenesis. The purpose of this grant is to investigate how the
CREBP-binding protein (CBP) might target the elimination of damaged HMECs. We have
observed that 1) suppression of CBP results in apoptosis-resistance through impaired
laminin expression and 2) CBP promotes induction of interferon-regulated genes during
apoptosis. These findings will provide novel targets for chemoprevention and are being
used to develop markers for response to current prevention strategies.

14. SUBJECT TERMS [ 15. NUMBER OF PAGES
Prevention, CREBP-binding protein, extracellular matrix, apoptosis 168

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




Table of Contents

GOV .. uuierearenrnnranernssasiasassessssassasesssassurtassassastossenassnssassastorssrnsnsssssssses 1
SF 208....ceuieeuerurrnrarenrrnrrntsisrasressassrnsenssersntanttastottiatersnasensrassnstanirnssas 2
INtrOdUCHION. .. cuieiierereerirercriere st e saaresre s snrsnen et nes s s s sasssssssnns 3
2 7T YU PP PP PP PP ROPTT 3
Key Research Accomplishments.......cocccormiiriiinninnnnine e, 8
Reportable OUtCOMES........cvueimriniiiieii s s e eans 8
(090 Y 1 o3 [T 1T (o] 1 RPN Y PP 9
REfEIrEONCES. ..vurerenreverersrrererarsasasrerasassesassarserssentasssnssssssarssrerssassssnsasaans 9

APPENAICES....uiirunriinriiiuiirie it s s e s 9




DAMD BC010919 Seewaldt, V.

INTRODUCTION:

Interactions between normal mammary epithelial cells (HMECs) and extracellular matrix
(ECM) are important for mammary gland homeostasis; loss of ECM-sensitivity is thought to be
an early event in mammary carcinogenesis. The CREBP binding protein (CBP) is known to
regulate both proliferation and apoptosis but the role of CBP in ECM-signaling is poorly
characterized. The purpose of this grant is to investigate how CBP might regulate
apoptosis in HMECs. Major findings to date and progress in fulfillment of Specific Aim
I: We investigated the relationship between CBP expression and sensitivity to prepared ECM
(tECM)-induced growth arrest and apoptosis in an in vifro model of early mammary
carcinogensis.  Suppression of CBP expression in HMECs by antisense oligonucleotides
(ODNs) resulted in loss of rECM-mediated growth regulation, polarity, and apoptosis.
Chromatin immunoprecipitation studies (ChIP) and reporter studies demonstrated that
inhibition of CBP protein expression resulted in 1) loss of CBP-occupancy of the LAMA3A
promoter and 2) a decrease in LAMA3A promoter activity. rECM-resistance correlated with 1)
loss of CBP occupancy of the LAMA3A promoter, 2) decreased LAMA3A4 promoter activity, and
3) loss of laminin-5 a3-chain mRNA and protein expression. These observations suggest a
critical role for CBP in rECM-mediated growth regulation, polarity, and apoptosis through
modulation of LAMA3A activity and laminin-5 a3-chain expression. Expression of CBP in
rECM-resistant cells resulted in induction of laminin-5 a3-chain expression and restoration of
apoptosis-sensitivity. Suppression of CBP expression in apoptosis-resistant cells resulted in 1)
loss of CBP occupancy of the LAMA3A promoter, 2) loss of laminin-5 a3-chain expression,
and 3) apoptosis-resistance. Major findings to date and progress in fulfillment of Specific
Aim II: CBP is a known regulator of interferon (IFN)-signaling and dysregulated expression of
IFN-signal transduction genes has been observed during mammary carcinogeneis. We
hypothesize that the level of CBP expression is critical for the induction of IFN-activated
transcription during rECM-mediated apoptosis in HMEC-E6 cells. We observed that CBP
regulates induces expression of interferon regulated genes in the absence of interferon release.
rECM promotes CBP occupancy of the IRF-1 promoter and upregulation of IRF-1 mRNA and
protein. Inhibition of IRF-1 signaling by siRNA directed against IRF-1 blocks IRF-1
expression, induction of interferon regulated genes, and apoptosis resistance.

Bobpy:

SPECIFIC AIMI: Does the level of the CREBP binding protein (CBP) protein expression in
normal human mammary epithelial cells (HMECs) determine sensitivity to prepared
extracellular matrix (rECM)-mediated apoptosis? [See appended manuscript Dietze et
al.]

1a) Suppression of CBP in early passage HMECs by antisense oligonucleotides (ODNs).
Antisense ODNs were utilized to suppress CBP protein expression in HMECs to test whether
the level of CBP protein expression might be important for rECM-sensitivity. Relative levels
of CBP protein expression were tested by Western analysis. Early passage HMEC vector
controls (HMEC-LXSN) and early passage apoptosis-sensitive HMECs transduced with human
papillomavirus-16 E6 protein (HMEC-E6) treated with the active, CBP-specific ODN,
A3342V, exhibited a 65% and 72% respective decrease in CBP protein expression relative to
untreated controls. Cells treated with the inactive CBP ODN, scrA3342V, did not exhibit a
significant decrease in CBP protein expression.
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1b) Suppression of CBP enhances proliferation in rECM. Treatment of early passage HMEC-
LXSN controls and HMEC-E6 cells with ‘CBP-specific ODNs resulted in enhanced
proliferation in rTECM-culture as measured by 1) physical growth parameters and 2) Ki-67
staining. Both early passage HMEC-LXSN controls and HMEC-E6 cells treated with active
CBP-specific ODNs (A33243V) demonstrated a continued increase in sphere diameter from
Day 7-9 in rECM culture. In contrast, early passage HMEC-LXSN controls and HMEC-E6
cells treated with inactive ODNs (scrA33243V) did not exhibit an increase in sphere diameter
after Day 7. Treatment of early passage HMEC-LXSN and HMEC-E6 cells with CBP-specific
ODNs (A33243V) resulted in continued Ki-67 staining at 9 and 11 days in rECM culture. In
contrast, Ki-67 staining at 9 and 11 days were markedly reduced in HMEC-LXSN and HMEC-
E6 cells treated with inactive ODNs (scrA33423V). These observations show that suppression
of CBP protein expression in early passage HMEC-E6 cells and HMEC-LXSN controls
resulted in enhanced proliferation in rECM culture.

Ic¢) Suppression of CBP protein results in altered localization and expression of biochemical
markers of polarity. Early passage HMEC-E6 cells and HMEC-LXSN controls treated with
active CBP ODNs (A33423V) exhibited a loss of epithelial polarity as evidenced by dispersed
and intracellular staining of 1) E-cadherin and 2) the tight junction-associated protein, ZO-1. In
contrast, early passage HMEC-LXSN controls and HMEC-E6 cells treated with inactive CBP
ODN s (scrA33423V) demonstrated expression of E-cadherin and ZO-1 at the cell-cell junction,
consistent with a correctly polarized epithelium. These observations indicate that suppression
of CBP protein expression in HMECs by antisense ODNs promotes a loss of epithelial polarity
in rECM culture.

1d) Suppression of CBP inhibits apoptosis in rECM culture. Early passage HMEC-E6 cells
were treated with CBP-specific antisense ODNs to test whether suppression of CBP protein
expression blocked apoptosis in rECM culture. Early passage HMEC-E6 treated with CBP-
specific antisense ODNs (A33423V) formed large irregular clusters in rECM and did not
undergo apoptosis as assessed by either electron microscopy or TUNEL-staining. In contrast,
early passage HMEC-EG6 cells treated with inactive CBP ODNs underwent apoptosis on Day 7
as assessed by either morphologic criteria or TUNEL-staining. Similar to early passage
HMEC-E6 cells, early passage HMEC-LXSN cells treated CBP-specific, antisense ODNs
(A33423V) formed large irregular clusters in tECM. Early passage HMEC-LXSN controls
treated with inactive ODN (scrA33423V) formed a morphologically organized, ascinus-like
structure and did not undergo apoptosis consistent with what has been previously observed for
early passage HMEC-LXSN untreated controls. These observations demonstrate that
suppression of CBP protein expression in early passage HMEC-E6 cells by antisense ODNs
blocks apoptosis in rECM culture.

A second HMEC strain, AG11134, was tested to ensure that these observations were not
HMEC strain-specific. Similar to observations made in HMEC strain AG11132 above, 1) early
passage AG11134-E6 cells treated with inactive CBP ODN (scrA33423V) were sensitive to
rECM-growth regulation and underwent apoptosis at Day 7, 2) early passage AG1134-LXSN
controls treated with antisense-CBP ODN (A99424V) were resistant to rECM growth arrest
and did not undergo apoptosis at Day 7-9, and 3) early passage AG11134-LXSN controls
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treated with CBP-specific antisense ODNs were resistant to rECM-mediated growth regulation
and did not undergo apoptosis (data not shown).

1e) Laminin-5 expression is decreased in rECM resistant, late passage HMEC-E6 cells. We
previously observed that sensitivity to rECM-apoptosis in early passage HMEC-E6 cells °
required polarized expression of a3/Bl-integrin. Differential gene expression studies, semi-
quantitative RT-PCR, and Western analysis were performed to test whether the loss of
sensitivity to rECM-mediated growth regulation, polarity, and apoptosis observed in late
passage HMEC-E6 cells correlated with altered expression of laminin-5 and/or a3/p1-integrin
mRNA. Differential gene expression studies demonstrated decreased expression of all three
laminin-5 chains (a3, B3, and y2) in apoptosis-resistant, late passage HMEC-E6 cells relative to
early passage HMEC-LXSN controls and early passage HMEC-E6 cells grown in rECM.
Semi-quantitative RT-PCR confirmed a 98% decrease in laminin-5 a3-chain (p<0.01), an 88%
decrease in laminin-5 B3-chain (p<0.01), and a 75% decrease in laminin-5 y2-chain (p<0.01)
mRNA expression relative to early passage HMEC-LXSN controls. There was no significant
change in the level of a3/pl-integrin mRNA expression. Western analysis similarly
demonstrated an 85% (p<0.001) decrease in laminin-5 a3-chain protein expression in
apoptosis-resistant, late passage HMEC-E6 cells relative to early passage HMEC-LXSN
controls. Expression of laminin-5 o3-chain protein did not significantly vary between early
passage HMEC-LXSN cells and early passage HMEC-E6 cells (Figure 6 d). There was a
130% (p<0.002) increase in laminin-5 a3-chain protein in late passage HMEC-LXSN controls
relative to early passage HMEC-LXSN cells. These observations demonstrate that the presence
of rECM-resistance in late passage HMEC-EG6 cells correlates with a loss of laminin-5 mRNA
and protein expression.

1f) Lack of polarized expression of laminin-a3 and integrin-a3 proteins in late passage
HMEC-EG6 cells grown in rECM. Early and late passage HMEC-LXSN controls and HMEC-
E6 cells were grown in rECM and tested for 1) laminin-5 a3-chain and 2) o3- and Bl-integrin
expression by immunohistochemistry (clones PSH10, P1F2, and P4C10, respectively). Early
and late passage HMEC-LXSN controls and early passage HMEC-E6 cells exhibited polarized
basal expression of laminin-5 a3-chain and «3- and pl-integrins. In contrast, late passage,
CBP-“poor” HMEC-E6 cells grown in rECM demonstrated disorganized plasma membrane
and cytosolic expression of both laminin-5 a3-chain and o3-integrin. As predicted by
differential gene expression studies and Western analysis, there was also a qualitative decrease
in laminin-5 a3-chain expression in late passage HMEC-E6 cells relative to controls. Late
passage HMEC-E6 cells grown in rECM exhibited polarized basal 1-integrin expression but
had an increase in the amount of cytosolic expression relative to early passage cells. These
observations demonstrate a loss of polarized expression of laminin-5 a3-chain and o3-integrin
in rECM-resistant late passage HMEC-E6 cells.

1g) Suppression of CBP expression in HMECs alters both laminin-a3 and integrin-a3
protein expression in rECM culture. We observed that late passage HMEC-E6 cells grown in
tECM culture exhibit 1) reduced levels of CBP protein expression and 2) disorganized
expression of both laminin-5 a3-chain and a3-integrin. This observation led us to hypothesize
that suppression of CBP in HMECs would alter laminin-5 a3-chain and o3-integrin expression
and/or distribution. CBP protein expression was suppressed in early passage HMEC-E6 cells
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and HMEC-LXSN controls by treatment with CBP-specific, antisense ODN (A99424V).
HMECs with suppressed CBP expression exhibited disorganized plasma membrane and
cytosolic distribution of laminin-5 a3-chain and o3-integrin. B1-integrin expression was
observed at the basal surface. In contrast, early passage HMEC-LXSN controls and HMEC-E6
cells treated with inactive CBP ODN (scrA99424V) exhibited polarized basal expression of
laminin-5 a3-chain and o3- and pl-integrins . These observations demonstrate that suppression
of CBP protein expression in HMEC:s alters the distribution of both laminin-5 a3-chain and «3-
integrin.

1h) Decreased CBP expression in rECM-resistant late passage HMEC-EG6 cells correlates
with decreased LAMA3A promoter activity. We tested whether the ‘observed decrease in CBP
and laminin-5 a3-chain expression in late passage HMEC-E6 cells correlated with decreased
LAMAJ3A promoter activity. Early and late passage HMEC-E6 and passage-matched HMEC-
LXSN controls were transiently transfected with a CAT reporter coupled to the LAMA3A
promoter sequence (1403 bp, GenBank Accession Number AF279435) and grown in fECM
culture. rECM-sensitive early passage HMEC-E6 cells and early and late passage HMEC-
LXSN controls exhibited a similar level of LAMA3A activity. In contrast, rECM-resistant, late
passage HMEC-E6 cells with decreased CBP and laminin-5 a3-chain expression exhibited a
91% decrease in LAMA3A promoter activity relative to early passage HMEC-E6 cells (p<0.01).
These experiments demonstrate in HMECs a positive correlation between 1) the level of CBP
and laminin-5 a3-chain protein expression and 2) LAMA3A promoter activity.

1i) LAMA3A promoter activity in HMECs with suppressed CBP protein expression. We next
tested whether suppression of CBP protein expression resulted in decreased LAMA3A4 promoter
activity. LAMA3A-CAT reporter activity was compared in early passage HMEC-LXSN and
HMEC-E6 cells treated with either CBP-specific antisense ODNs (A33423V) or inactive
ODNs (scrA33423V). A 92% and 89% decrease (p<0.01) in LAMA3A promoter activity was
observed, respectively, in early passage HMEC-LXSN and HMEC-E6 cells grown in rECM
and treated with CBP-specific ({)DNs (A33423V) relative to cells treated with inactive ODNs
(scrA33423V). No significant difference in LAMA3A promoter activity was observed in
HMECs treated with or without inactive ODNs. These observations demonstrate that
suppression of CBP expression in HMECs results in a reduction in LAMA3A4 promoter activity.

1j) Lack of CBP occupancy of the human laminin 5 ( LAMA3A) promoter correlates with
rECM-resistance. The human LAMA3A promoter contains three AP-1 sites at positions —387, —
185, and —127 (Miller et al., 2001). The AP-1 site, at position —185, has been previously shown
to be critical for basal activity in mammary epithelial cells. Chromatin immunopreciptation
(ChIP) was performed in rECM-resistant, CBP-“poor” late passage HMEC-E6 cells and
controls to test whether the observed 1) decrease in laminin-5 «3-chain expression and 2) loss
of LAMA3A activity correlated with a lack of CBP binding to the 277 bp AP-1-“rich” site of the
LAMA3A promoter (position -402 to —125). Early and late passage HMEC-LXSN control cells
and rECM-sensitive, early passage HMEC-EG6 cells grown in rECM demonstrated CBP binding
to the AP-1-“rich” site of the LAMA3A promoter. In contrast, TECM-resistant, late passage
HMEC-ES6 cells, with decreased CBP and laminin-5 a.3-chain expression, failed to demonstrate
CBP binding. These obsetvations suggest that a decrease in CBP expression might promote
loss of CBP occupancy of the AP-1-“rich” site of the LAMA3A promoter.
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1k) Suppression of CBP expression in HMECs results in loss of CBP occupancy of the
LAMA3A promoter. Early passage HMEC-E6 cells were treated with active CBP ODNs and
tested by ChIP to determine whether suppression of CBP protein expression resulted a loss of
CBP occupancy of the AP-1-“rich” region of the LAMA3A promoter. Early passage HMEC-
E6 cells treated with CBP-specific ODNs, and grown in rECM, did not demonstrate CBP
occupancy of the LAMA3A promoter. In contrast, early passage HMEC-E6 controls, treated
with inactive ODNs, and grown in rECM demonstrated CBP-occupancy (Figure 10 b). These
observations demonstrate that suppression of CBP expression in HMEC-E6 cells by antisense
ODNs results in a loss of CBP occupancy of the AP-1-“rich” site of the LAMA3A4 promoter.
Since the AP-1 site, at position —185, is critical for basal activity in mammary epithelial cells,
these observations provide a mechanism by which loss of CBP expression might promote loss
of LAMA3A promoter activity and laminin-5 a3-chain expression in HMECs.

1e) Expression of CBP in apoptosis-resistant cells results in increased expression of laminin-
5 and restoration of apoptosis-sensitivity in rECM culture. We used retroviral-mediated gene
transfer to express CBP in late passage rECM-resistant cells with suppressed levels of CBP.
Protein levels of CBP in our transduced were comparable to that observed in parental and
rECM-sensitive HMEC-E6 cells. Expression of CBP in rECM-resistant cells resulted in
restoration of 1) laminin-5 o3-chain expression and 2) apoptosis sensitivity. These
observations highlight a critical role for CBP in regulating rECM-apoptosis and laminin-5
expression.

SPECIFIC AIM I1:Does CBP modulate interferon (IFN)-signal transduction during rECM-
mediated apoptosis in HMEC-E6 cells?

2a) Microarray analysis of induced gene transcripts. To investigate the molecular mechanism
of rECM-induced apoptosis, we analyzed the expression profiles of HMEC-E6 cells and
passage matched HMEC-LXSN controls treated with and without rECM for 6 hrs. Analysis
was performed using Hu6800 cDNA microarrays (Affymetrics). Twenty-four interferon-
response genes (IRGs) were significantly upregulated in treated HMEC-E6 cells but not in
treated HMEC-LXSN controls. Differential expression was confirmed by quantitative RT-PCR
in triplicate, normalized to actin. The upregulated genes included IFI 9-27, interferon
regulatory factor-1 (IFR-1), ISG15, ISG-54, MX-A, interferon gamma inducible protein 16,
STAT-1 alpha, STAT-1 beta, IFI-6-16, and ISG12. Based on these observations, we
hypothesized that IRGs 1) may participate in or 2) may be a marker for rECM- induced
apoptosis of HMEC-EG6 cells.

2b) Interferon-alpha, -beta, and —gamma are not induced by rECM. Assays for interferon-
alpha, -beta, and —gamma were performed in HMEC-E6 cells and HMEC-LX controls treated
with rECM to determine whether tfECM induced interferon production in HMEC-E6 cells
correlated with the induction of apopotosis. ELISA assays determined that interferon release
was not observed 15 mins-24 hrs following tamoxifen treatment of HMEC-E6 cells (data not
shown). These data show that rECM-induced apoptosis in HMEC-E6 cells results in induction
of IRGs in the absence of interferon release. '
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2c) Interferon regulatory factor-1 (IRF-1) is induced by rECM. IRF-1 is a transcriptional
regulator that has been shown to promote apoptosis following DNA-damage and is critical for
mammary gland involution. Differential gene expression studies demonstrated that IRF-1
mRNA was induced by rECM in HMEC-E6 cells at 6 hrs. Semi-quantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) and western analysis was performed to
determine the kinetics of IRF-1 mRNA and protein induction. We observed that IRF-1 mRNA
and protein was induced by rECM in HMEC-E6 cells but not in HMEC-LXSN controls. IRF-1
mRNA induction in HMEC-E6 cells was first observed at 30 min (5-fold) and was maximally
induced at 3 hrs (7-fold). IRF-1 protein induction was first observed at 30 min (1.5-fold) and
was maximally induced at 3 hrs (2.3-fold). These observations demonstrate that IRF-1 mRNA
and protein are induced by rECM starting at 30 min.

2d) Suppression of IRF-1 expression results in loss of IRG induction: We developed two
- siRNA constructs directed against IRF-1. Expression of these constructs resulted in a >80%
suppression of IRF-1 expression. Treatment of apoptosis-sensitive cells with rECM resulted in
a loss of rECM-growth regulation and polarity and well as loss of IRG induction.

2e) AKT activity is critical for induction of rECM-mediated apoptosis: AKT is an important
regulator of cell survival and loss of AKT activity is known to promote apoptosis. We observe
that rECM-induced apoptosis is associated with loss of AKT-activity and phosphorylation at
Ser-473. This is an important observation since we also observe that AKT phosporylation at
Ser-473 is critical cell surface-regulated, tamoxifen-induced apoptosis in HMEC-E6 cells.
Expression of a constitutively active AKT blocked the induction of apoptosis and resulted in
loss of tECM-regulated growth arrest. Inhibition of «3/pl-integrin signaling also resulted in
loss of AKT phosphorylation at Ser-473. These results highlight a potential role for AKT in
regulating rECM-mediated apoptosis. Work is on-going to investigate whether AKT plays a
role in activating CBP.

KEY RESEARCH ACCOMPLISHMENTS:

1) Demonstration that suppression of the CREBP binding protein (CBP) results in loss of
cellular polarity and apoptosis resistance.

2) Evidence that CBP regulates expression of laminin-5 through binding to the laminin 5
promoter (LAMA3A).

3) Demonstration that suppression of CBP exprsesion blocks CBP recruitment to LAMA3A4.

4) Demonstration that prepared extracellular matrix (fECM) promotes induction of interferon
regulated genes (IRGs), including interferon regulatory factor-1 (IRF-1) in the absence of
interferon production.

5) Identifying that IRF-1 expression is critical for interferon regulated gene (IRG) expression
and induction of apoptosis.

6) Demonstration that AKT is important for rECM-mediated apoptosis.

Reportable Outcomes:
1) Manuscripts:
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a. Dietze, E.C., Bowie, M.L., Troch, M.\M., and Seewaldt, V.L. CBP Modulates
Reconstituted Extracellular Matrix-Growth Regulation, -Polarity, and -Apoptosis in
Human Mammary Epithelial Cells. Submitted to Journal of Cell Science.

b. Bowie, M.L., Dietze, E.C., Delrow, E., Bean, G.R., Troch, M., Marjoram, R,
Seewaldt, V.L. Interferon regulatory factor-1 is critical for tamoxifen-mediated
apoptosis in human mamamary epithelial cells. Oncogene, in press, 2004.

c. Bean, G.R., Scott, J.V., Yee, L., Ratliff, B., Fabian, C., Kimler, B., Zalles, C., and
Seewaldt, V.L. Methylation of the retinoic acid receptor beta in mammary epithelial
cells obtained by RPFNA. Submitted Cancer Epidemiology, Biomarkers, and
Prevention, submitted, 2004.

d. Troch, M., Bowie, M.L., and Seewaldt, V.L. rECM regulates AKT activity in acutely
damaged mammary epithelial cells. In preparation.

e. Bowie, M.L., Troch, M., and Seewaldt, V.L. rECM promotes induction of IRF-1 in
acutely damaged mammary epithelial cells. In preparation.

2) Funding granted: AVON/NCI Developing markers of breast cancer risk in breast
fine needle aspiration. NIH/NCI CA6843-AV13.
Funding pending:

a. AVON/NCI Contralateral risk markers in women with primary breast cancer.
Priority score 1.7. Award notice pending. NIH/NCI CA6843-AV43.

b. RO1 submitted 6/04, Markers of Breast Cancer Risk and Prevention.

c. DOD Multidisciplinary Postdoctoral Fellowshlp, Permila Harrell, PI; Victoria
Seewaldt, Mentor.

Conclusions:

In this report we demonstrate that suppression of the CREBP binding protein (CBP) results in
apoptosis-resistance and loss of epithelial polarity and that CBP is critical for laminin-5
expression. These observations are important for 1) identifying improved targets for breast
cancer prevention and 2) developing novel markers to test for response to chemoprevention
agents. Information gained in this report is currently being translated to benefit women at risk
for breast cancer prevention in our multi-institutional cohort. We have obtained funding for
this cohort and are currently using markers in developed in this proposal to identify risk in
high-risk women.

References:
‘None.
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cells. Oncogene, accepted, 2004. _

4) Bean G., Scott, V., Yee, L., Fabian, C., Kimler, B., Zalles, C., and Seewaldt, V.L.
Retinoic acid receptor-beta2 promoter methylation in random periareolar fine needle
aspiration. Submitted, Cancer Epidemiology, Biomarkers, and Prevention, 2004.
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CBP loss and resistance to rECM-induced apoptosis
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CBP Loss and Resistance to ECM-induced apoptosis

Summary

Interactions between normal mammary epithelial cells (HMECs) and extracellular matrix (ECM)
are important for mammary gland homeostasis; loss of ECM-sensitivity is thought to be an early event in
mammary carcinogenesis. The CREBP binding protein (CBP) regulates both proliferation and apoptosis
but the role of CBP in ECM-signaling is poorly characterized. We investigated the relationship between
CBP expression and sensitivity to prepared ECM (tECM) induced-growth arrest and -apoptosis in a
model of mammary carcinogenesis. Prior genetic studies suggested that chromosome 16p harbored a
gene that was critical for rECM-sensitivity. In this study, detailed cytogenetic analysis demonstrated
that rECM-resistant HMECs exhibited loss at chromosome 16p13 (CBP locus) and loss of CBP protein
expression. Suppression of CBP expression in HMECs by antisense oligonucleotides resulted in rECM-
resistance. Chromatin immunoprecipitation and reporter studies demonstrated that rECM-resistance
correlated with 1) loss of CBP occupancy of the LAMA3A promoter, 2) decreased LAMA3A promoter
activity, and 3) loss of laminin-5 a3-chain expression. Inhibition of CBP protein expression resulted in
1) loss of CBP-occupancy of the LAMA3A promoter and 2) a decrease in LAMA3A promoter activity.
These observations suggest a critical role for CBP in rECM-mediated growth regulation and apoptosis

through modulation of LAMA3A activity and laminin-5 a3-chain expression.
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Introduction

Breast tissue is composed of mammary epithelial cells that rest on extracellular matrix (ECM).
Interactions between epithelial cells and ECM regulate normal growth, polarity, and apoptosis (Folkman
and Moscona, 1978; Petersen et al., 1992; Strange et al., 1992; Zutter et al., 1995; Ilic et al., 1998;
Farrelly et al., 1999; Stupack and Cheresh, 2002). Loss of ECM-signaling is thought to be an early
event in mammary carcinogenesis and is postulated to promote some of the phenotypic changes
observed during malignant progression (Petersen et al., 1992; Howlett et al., 1995; Mercurio et al., 2001;
Farelly et al., 1999; Hood and Cheresh, 2002; Stromblad et al., 2002). Carcinogenesis is hypothesized to
be a multistep process resulting from the progressive accumulation of genetic damage. While loss or
mutation of specific tumor suppressor genes such as 7P53 promotes mammary carcinogenesis, not all
damaged epithelial cells progress to malignancy and many are thought to be eliminated by apoptosis
(Fabian et al., 1996; Ashkenazi and Dixit, 1998; Rohan et al., 1998). Mammary gland homeostasis
requires a coordinated balanced between proliferation and programmed cell death. ECM-signaling is
thought to play an important role in regulating this balance (Petersen et al., 1992; Howlett et al., 1995;
Farelly et al., 1999; Mercurio et al;; 2001; Hood and Cheresh, 2002; Stupack and Cheresh, 2002). Loss
of ECM-signaling is thought to result in apoptosis-resistance and may promote mammary carcinogenesis

by preventing the apoptotic elimination of damaged mammary epithelial cells.

Laminins are ECM glycoprotiens that promote mammary gland homeostasis by regulating cell adhesion,
migration, proliferation, differentiation, and angiogenesis (Aberdam et al., 2000). Laminins have three
distinct protein subunits, designated o, B, and y. Laminin-5 («3A, 3, and y1) is the most abundant ECM
glycoprotein produced by mammary epithelial cells (D'Ardenne et al., 1991). Laminin-5 functions as a
ligand for a3pl- and a6p4-integrins and has been implicated in adhesion, migration, and invasion.

Recent reports indicate that binding of the laminin-5 a3-chain globular LG3 domain to a3p1-integrin
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mediates cell adhesion and migration (Shang et al., 2001). Deregulation of laminin-5 expression is

~ observed during carcinogenesis. While benign ductal and lobular epithelial cells demonstrate continuous
laminin-5 staining at the epithelial-stromal interface, primary breast cancers and breast cancer cells
exhibit loss of laminin-5 a3- and y2-chain expression (Martin et al., 1998; Henning et al., 1999). Loss of
laminin-5 «3-chain expression has also been observed in prostate cancer, while epigenetic inactivation of
all three laminin-5-encoding genes have been observed in lung cancer cells (Hao et al., 2001;
Sathyanarayana et al., 2003). There is also evidence that increased laminin-5 y2-chain expression and
cleavage may be associated with tissue remodeling and tumor invasion. Matrix metalloproteinase
(MMP)-dependent mammary gland involution coincides with binding of the laminin-5 y2-chain MMP-
cleavage fragment, DIII, to the epidermal growth factor receptor (Schenk et al., 2003). Mammary glands
from p1,4-galactosyltransferase 1-null mice exhibit excess mammary gland branching associated with 1)
decreased laminin-5 a3-chain expression, 2) increased expression and cleavage of laminin-5 y2-chain,
and 3) increased matrix metalloproteinase expression (Steffgen et al., 2002). Increased expression of
laminin-5 y2-chain is at the invasive front of tumors associated with poor prognosis (Pyke et al., 1994;
Yamamoto et al., 200 1‘; Niki et al., 2002) and cooperative interactions between laminin-5 y2-chain and
MMPs are associated with an aggressive phenotype in melanoma (Seftor et al, 2001). These

observations suggest that deregulation of laminin-5-signaling may be important for cancer progression.

We previously developed an in vitro model of early mammary carcinogenesis to investigate the potential
role of ECM-signaling in eliminating acutely “damaged” HMECs (Seewaldt et al., 2001a). Acute
cellular damage was modeled by either 1) retroviral-mediated expression of the Human Papillomavirus
Type-16 (HPV-16) E6 protein (HMEC-EG6) or 2) treatment with p53-specific antisense oligonucleotides
(ODNs). We observed that while HMEC controls grown in rECM underwent growth arrest on Day 7,
HMEC-E6 and p53(-) HMEC-AS cells underwent apoptosis (Seewaldt et al., 2001a). While the acute

expression of either HPV-16 E6 or suppression of p53 in HMECs promoted sensitivity to rECM-
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mediated apoptosis, HMEC-E6 cells passaged in non-rECM culture rapidly acquired resistance to both

tECM-mediated growth arrest and apoptosis associated with 1) loss of genetic material from
chromosdme 16 and 2) loss of polarized expression of the laminin-5 receptor, a3p1-integrin (Seewaldt et
al., 2001a). These observations lead us to hypothesize that 1) 16p might harbor a gene(s) whose loss
and/or rearrangement may promote rECM-resistance and 2) 1aminin-5/a3Bl-integrin-grox;vth regulation

and -polarity signals may be critical for targeting the elimination of acutely “damaged” HMECs.

In these studies, HPV-16 E6 was expressed in HMECs as a model of acute cellular damage. E6 interacts
with a large number of cellular proteins critical for normal growth regulation and apoptosis (O'Connor,
2000). HPV-16 E6 binds to p53 and targets it for ubiquitin-mediated degradation and also abrogates
transcription of p53 (Zimmermann et al., 1999; O'Connor, 2000; zur Hausen, 2000). E6 has been shown
to interact with the CREBP-binding protein, CBP, in the C/H1 and C/H3 doniéins as well as with
sequences near the carboxy-terminus (O'Connor, 2000; Patel et al., 1999). HPV-16 E6 protein also
activates telomerase (Klingelhutz et al., 1996), binds to Bak (Thomas and Banks, 1999), physically
interacts with the focal adhesion proteins, paxillin and fibulin-1, and interacts with the transcriptional
regulator, interferon regulatory factor-3 (Ronco et al, 1998). Taken together, these observations provide
evidence that expression of HPV-16 E6 leads to marked cellular disruption. However, the response of
HMECs expressing HPV-16 E6 to growth in rECM was identical to HMECs treated with p53 antisense
oligonucleotides and grown in rECM (Seewaldt et al., 2001a). Thus, the altered response to growth in

rECM appears to be primarily a function of p53 expression.

Detailed cytogenetic analysis performed for this report indicated that chromosome 16p13 is the critical
area whose loss and/or rearrangement promoted rECM-resistance (Seewaldt et al., 2001a). CBPisa
nuclear protein located at chromosome band 16p13.3 that regulates proliferétion, differentiation, and

apoptosis (Giles et al., 1997; Yao et al., 1998). CBP is a key integrator of diverse signaling pathways
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including those regulated by retinoids, p53, estrogen, and BRCA1 (Kawasaki et al., 1998; Robyr et al.,

2000). Chromosomal loss at 16p13 has been reported to occur in a majority of benign and malignant
papillary neoplasms of the breast and loss or amplification of 16p is frequently observed in premalignant
breast lesions (Lininger et al., 1998; Tsude et al., 1998; Aubele et al., 2000). Taken together, these

observations suggest that loss of CBP expression might promote mammary carcinogenesis.

Prior sfudies indicated that a3pl-integrin-growth mediated regulation signals and the presence of
laminin in rTECM might be critical for targeting the elimination of acutely damaged HMECs (Seewaldt et
al.,, 2001a). Little is known about the regulation of laminin-5 gene transcription in normal mammary
epithelial tissue or about the molecular mechanism underlying the loss of laminin-5 expression observed
in early breast carcinogenesis (Miller et al., 2000). The human LAMA3A promoter is known to contain
three binding sites of the dimeric transcription factor activating protein-1 (AP-1) (Virolle at al., 2998;
Miller et al.,, 2001). It has been recently observed that the second AP-1 binding site present in the
human LAMA3A promoter at position —185 base pairs is critical for baseline transcription of laminin-5
a3-chain (Miller et al., 2001). CBP is known to interact with AP-1 response elements (Benkoussa et al.,
2002). However, the relationship between CBP and laminin-5 expression in mammary epithelial cells

has not been studied.

This report describes a novel role for CBP in mediating sensitivity to fECM-growth regulation and -
apoptosis through induction of laminin-5 a3-chain expression. Observations in our model system have
important implications as they predict a critical role for CBP in regulating mammary homeostasis and

targeting the elimination of acutely “damaged” HMECs through a laminin-5 a3-signaling pathway.
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Materials and Methods

Cell Culture and Media

Normal human mammary epithelial cell (HMEC) strains AG11132 and AG1134 (M. Stampfer
#172R/AA7 and #48R, respectively) were purchased from the National Institute of Aging, Cell Culture
Repository (Coriell Institute, Nafional Institute of Aging). HMEC strains AG11132 and AG11134 were
established from normal tissue obtained at reduction mammoplasty, have a limited life span in culture,
and fail to divide after approximately 20 to 25 passages. HMECs ‘exhibit a low level of estrogen
receptor staining characteristic of nomal mammary epithelial cells. HMECs were grown in Mammary
Epithelial Cell Basal Medium (Clonetics, San Diego, CA) supplemented with 4 ul/ml bovine pituitary
extract (Clonetics #CC4009), 5 ug/ml insulin (Sigma, St. Louis, MO), 10 ng/ml epidermal growth factor
(UBI Lake Placid, NY), 0.5 pg/ml hydrocortisone (Sigma), 10°M isoproterenol (Sigma), and 10 mM
HEPES buffer (Sigma) [Standard Media]. Cells were cultured at 37°C in a humidified incubator with

5% C0,/95% air. Mycoplasma testing was performed as previously reported (Seewaldt et al., 1997 ).

Retroviral Transduction

Expression of HPV-16 E6: The LXSN16E6 retroviral vector containing the HPV-16 E6 coding sequence
was provided by D. Galloway (Fred Hutchinson Cancer Research Center, Seattle, WA) (Demers et al.,
1996). HMECs (passage 8) were plated in four T-75 tissue culture flasks (Corning, Corning, NY) in
Standard Medium and grown to 50% confluency. Transducing virions from either the PA317-
LXSN16E6 or the control PA317-LXSN (without insert) retroviral producer line were added at a
multiplicity of infection at 1:1 in the presence of 4 pg/ml Polybrene (Sigma) to log-phase cells grown in
T-75 flasks (Seewaldt et al., 1995). The two remaining T-75 flasks were not infected with virus. After

48 hours, two flasks containing transduced cells and one flask with untransduced cells were passaged 1:3




CBP Loss and Resistance to ECM-induced apoptosis
(passage 9) and selected with Standard Media containing 300 pg/ml G418 (GIBCO, Grand Island, NY)

for four to seven days, until 100% of control, untransduced cells were dead. Cells were passaged 1:3 at
the completion of selection (passage 10), and were maintained in the absence of selection before
immediately proceeding to apoptosis experiments. The fourth flask of unselected, untransduced parental
control cells was passaged in parallel with the selected, transduced experimental and vector control cells.
Parental AG11132 cells were designated HMEC-P. Transduced AG11132 cells expressing the HPV-16
E6 construct were designated HMEC-E6 and vector control cells were designated HMEC-LXSN. All
cells were maintained in Standard Media after transfection in the absence of selection to ensure that any
obseryed chromosomal abnormalities or apoptosis-resistance was not due to continued exposure to

selections. All experiments were performed on mass cultures.

Expression of CBP: Construction of the retroviral vector harboring the coding sequences for CBP were
generated from the pcDNA3 recombinant plasmid by methods previously described (Seewaldt et al.,
1995). The pcDNA3plasmid was digested with BamHI and the released plasmid inserted in the BamHI
cloning site of the dephosphorylated pLXSN plasmid. Correct orientation and sequence was verified by
direct sequencing. Ten micrograms of purified pLCBPSN retroviral construct plasmid was transfected
via Cellfectin™ (Invitrogen) into the PE 501 murine ecotropic retrovirus packaging cell line (Seewaldt et
al.,, 1995). The supernatant was harvested and used to infect the PA317 amphotropic packaging cell line.
These cells were selected, and individual foci of resistant cells were isolated and expanded. Producer
clones expressing the appropriate-sized MuLV LTR-initiated CBP were identified by RT-PCR and
supernates from these producers titered on NIH3T3 thymidine kinase negative target cells. Retroviral
transduction and selection was performed as described above to express CBP in late passage (passage
16) HMEC-E6 cells. Expression of the exogenous construct was confirmed by PCR and protein

expression was confirmed by Western analysis as described below.
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Cytogenetic Analysis of Early and Late Passage HMECs

Spectral karyotypic analyses (SKY) of HMEC-LXSN controls (passages 10 and 16) and HMEC-E6 cells
(passages 10 and 18) were performed as previously described (Mrozek et al., 1993; Schrock et al., 1996;

Seewaldt et al., 1997; Seewaldt et al., 2001a; Seewaldt et al., 2001b).

Western Blotting

Preparation of cellular lysates and immunoblotting were performed as previously described ( Seewaldt et
al., 1997; Seewaldt et al., 1999). For p53 expression, the membrane was incubated with a 1:100 dilution
of mouse anti-human p53 (Oncogene Science Ab-2). For CBP expression, the blocked membrane was
‘incubated with 1:200 dilution of the CBP C20 antibody (Santa Cruz Biotechnology). For laminin-5
expression, the membrane was incubated with a 1:100 dilution of the C-19 antibody to the laminin-5 o3-
chain (Santa Cruz). Loading control was provided by 1:200 dilution of the I-19 antibody to beta-actin
(Santa Cruz).  All p53, CBP, and laminin bands were normalized to actin. The resulting film images

were digitized and quantitated using Kodak 1D Image Analysis Software (Eastman Kodak).

HMEC Culture in rECM

HMECs were grown in rECM as previously described (Seewaldt et al., 2001a). One hundred microliters
of tECM (Growth Factor Depleted Matrigel™, Collaborative Research, Bedford, MA) were added per
well to a 48 well plate and allowed to gel at 37°C for 20 min. Transduced HMECs were trypsinized,
counted, and pelleted. Approximately 1 x 10* cells were resuspended in 100 pl rECM on ice, gently
overlaid on the initial undercoating of extracellular matrix, and allowed to gel at 37° C for 20 min.
Standard Media was then added and wells were inspected to ensure there was an equal distribution of

cells in each well. Cells were grown for 5 to 13 days in culture.

Cell Growth and Proliferation in rECM Culture
9




CBP Loss and Resistance to ECM-induced apoptosis
Cell growth in rECM culture was determined using the following procedure: The size of the 20 largest

growing spherical cell colonies was measured with an eye-piece equipped with a micrometer spindle.
Proliferation was assessed by Ki67 staining index, whereby five micron sections were immunostained
with antibody directed against Ki-67. Cells were scored visually (160-500 cells) for immunopositive
nuclei. The proliferation index was calculated by dividing the number of immunopositive cells as a

percentage of the total number of cells scored.

Detection of Apoptosis by In Situ TUNEL
HMECs were grown in rECM for 5 to 11 days and prepared for TUNEL staining as previously described
(Seewaldt et al., 2001a). Two hundred cells were scored. The apoptotic index was determined by

expressing the number of TUNEL positive cells as a percentage of the total number of cells scored.

Transmission Electron Microscopy

HMECs were grown in contact with fECM as described above. Electron microscopy was as previously
described (55-57). Fifty colonies were scored for the presence of apoptosis by morphologic criteria that
included 1) margination of chromatin, 2) nuclear condensation, 3) cell shrinkage, and 4) formation of
apoptotic bodies (Majno and Joris, 1995).

Immunostaining

HMECs were grown in rECM as described above and embedded in O.C.T. (Miles), snap frozen, and 7 p
sections obtained. For integrin and laminin immunostaining, cells were fixed for 20 min at RT with 2%
formaldehyde in 0.1 M sodium cacodylate and 0.1 M sucrose at pH 7.2, permeabilized with 0.1% Triton
X-100 for 10 min at RT, and blocked with 0.5% HD-BSA in PBS for 1 hr at RT. Cells were incubated
with primary antibody diluted in PBS with 0.5% HD-BSA for 1 hr at RT and washed 6 times with PBS
at RT. Antibodies against integrin subunits o3 (P1F2, P1B5) and p1 (P4C10) were a generous gift of

William Carter and have been previously described ( Carter and Wayner, 1987; Wayner et al., 1988;
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Carter et al., 1990a; Carter et al., 1990b). Monoclonal antibody PSH10 directed against the a3 chain of

laminin-5 was also a generous gift of William Carter. For immunofluorescence, cells were incubated
with either FITC- or Rhodamine-conjugated goat anti-mouse antibody at a 1:200 antibody dilution
(Santa Cruz) in PBS with 0.5% HD-BSA for 30 min at RT and washed as described above. Sections
were mounted in 30% glycerol in PBS and visualized for immunofluorescence using a Zeiss LSM 410

fluorescence microscope (Carl Zeiss, Jena, Germany).

Suppression of CBP Expression

Nine antisense oligonucleotides (ODNSs) to human CBP were generated by the PAS program (Ugai et al.,
1999). The CBP antisense A3342V ODN (24-mer, nucleotide position 3342-3363) was initially chosen
on the basis of selective inhibition of CBP protein expression in MCF-7 cells (data not shown);
suppression was confirmed in HMECs. Inactive CBP ODN scrA3342V (22 mer, nucleotide position
3342-3363) was chosen to be the scrambled sequence of the antisense ODN 1) to ensure identical
nucleotide content and minimize differences potentially attributable to nucleic acid content and 2)
selected bésed on lack of suppression of CBP in MCF-7 and HMECs. See Table 1 for a list of ODN.
The first and last three nucleotides of all ODNs were phosphorothioate modified to increase their
stability in vitro. Early passage HMEC-LXSN controls and HMEC-E6 cells were plated in T-75 flasks
in Standard Media. After allowing 24 hr for attachment, cell cultures were treated for 72 hr with either
active or inactive ODNs (0.001 to 0.1uM final concentration). Every 24 hr the culture media was
replaced by new Standard Media containing fresh ODNs. Western analysis was performed to confirm 1)
suppression of CBP expression as described above and 2) lack of suppression of the related co-activator
p300. The resulting film images were digitized and quantitated using Kodak 1D Image Analysis

Software.

CBP-Suppression in rECM Culture
11
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Early passage HMEC-LXSN controls and HMEC-E6 cells were trypsinized and approximately 1 x 10

cells were resuspended in 100 pl rECM containing either active or inactive CBP-specific ODNs (0.01 to
0.1 uM final concentration) on ice. TECM cultures were prepared as above and overlayed with Standard
Media containing active or inactive CBP-specific ODNs (0.01 to 0.1 uM final concentration). Overlay
media were changed every 24 hours to ensure a constant supply of ODNs. The diameter of the growing
colonies was determined and cells were prepared for electron microscopy and immunostaining as

described above.

Large-Scale rECM Culture

Large-scale tECM culture was utilized to prepare total RNA or protein lysate for analysis utilizing
techniques previously developed by the laboratory of Minna Bissell (Roskelly et al., 1994). Early and
late passage HMEC-E6 cells and HMEC-LXSN controls were plated in T-75 flasks, previously treated
with poly(2-hydroxyethyl methacrylate) (Poly-HEME). Cells were vgrown in Standard Media with 5%

(vivo) rECM.

Differential Gene Expression Studies

Cells were grown in tECM utilizing large-scale rECM culture techniques as described above. Isolation
of total RNA was as previously described (Seewaldt et al., 1995). RNA integrity was confirmed by
electrophoresis, and samples were stored at —80°C until used. All RNA combinations used for array
analysis were obtained from cells that were matched for passage number, cultured under the identical
growth conditions, and harvested at identical confluency. c¢DNA synthesis and probe generation for
cDNA array hybridization were obtained by following the standardized protocols provided by

Affymetrix™ (Affymetrix, Santa Clara, California).
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Expression data for approximately 5,600 full-length human genes was collected using Affymetrix

GeneChip HuGeneFL™ arrays, following the standardized protocols provided by the manufacturer.
Data were collected in triplicate using independent biological replicates (Baldi and Long, 2001). Array
images were processed using Affymetrix MAS 5.0 software, filtered for probe saturation, employed a
global array scaling target intensity of 1000, and collected the signal intensity value for each gene. For
each set of replicate measurements, gene signal intensity values were averaged and array-level
normalization was performed relative to the B-actin averaged value. Normalized values were log-
transformed and an additional gene-level normalization was performed using the LXSN-ECM data set.
Data was imported into Cluster/TreeView software (http:/rana.lbl.gov/EisenSoftware.htm), where heat

maps were generated.

Semi-Quantitative RT-PCR

To confirm microarray data, relative transcript levels were analyzed by semiquantitative reverse
transcriptase-polymerase chain reaction (RT-PCR). Five micrograms of total RNA was used in first-
strand cDNA synthesis with Superscript II reverse transcriptase (Invitrogen). PCR reaction conditions
were optimized for integrin-a3 (I7GA3), integrin-Bl1 (/JTGBI), laminin-a3 (LAMA3), laminin-B3
(LAMB3), and laminin-y2 (LAMC2). Primer sequences were obtained from published sources as
follows: ITGA3 (Hashida et al., 2002), ITGB1 (Hsu et al., 2001), LAMA3 (forward primer (Virolle et
al., 2002), LAMB3 and LAMC2 (Manda et al., 2000). A 50 pl reaction was set up containing 100 nM
forward primer, 100 nM reverse primer, 250 uM of each dNTP, 10 mM Tris-HCI, 1.5 mM MgCl, 50
mM KCl, pH 8.3, 2.5 units Taq polymerase, and 2.0 pul cDNA. Reactioﬁ conditions for beta-actin were
300 nM forward primer, 300 nM reverse primer, 250 pM of each dNTP, 10 mM Tris-HC], 1.5 mM
MgCly, 50 mM KCI, pH 8.3, 2.5 units Taq polymerase, and 2.0 pl ¢cDNA in a total volume of 50 pl.

Products were amplified with Applied Biosciences GeneAmp PCR system 2400 (Applied Biosciences).

13
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Preliminary reactions were performed to determine the PCR cycle number of linear amplification for

each primer set. The primer sets, cycling conditions, and cycle numbers used are indicated in Table 2.
Ten microliters of PCR product were analyzed by electrophoresis in 1.2-1.5% agarose gels containing
ethidium bromide, visualized under UV light, and quantitated. All samples were performed in triplicate

and normalized to beta-actin as the control.

LAMA3A Reporter Studies

A 1403 bp region of the laminin-5 o3 (LAMA3) promoter corresponding to GenBank Accession Number
AF279435 was amplified with PCR primers, sense 5’-AAG CTT AAG TTT TCC CAT CCG CAA C-3’
and antisense 5°-TCT AGA GCT GAC CGC CTC ACT GC-3’ (45). The PCR product was cloned into
pCRII (Invitrogen), digested out with HindIll and BamHI, and cloned into the reporter plasmid
pBLCATS5 (American Type Culture Collection, Manassas, VA). Cells were transfected with the
resultant pPBLLAMA3aCATS5 reporter plasmid using previously published transfection conditions and
controls (Seewaldt et al., 1997). Transfection control was provided by the pCMV-GH plasmid
(Seewaldt et al., 1997). Transfected cells were plated in Standard Media in T-25 flasks pre-treated with
Poly-HEME, treated with 5% (vivo) TECM for 24 hr, and harvested for CAT activity assays as
previously described (Seewaldt et al., 1997). CAT reporter activity was normalized to GH concentration
(Nichols Institute, San Juan Capistrano, CA) and total protein as previously described (Seewaldt et al.,

1997).

LAMA3A Chromatin Immunoprecipitation

Occupancy of the AP-1-“rich” region of LAMA3A promoter from positions —387 to —127 was tested by
chromatin immunoprecipitation (ChIP). ChIP was performed by published methods with some
modifications (Yahata et al., 2001). Early and late passage HMEC-E6 cells and HMEC-LXSN controls

were plated in T-25 flasks treated with Poly-HEME and grown in Standard Media with 5% (vivo)
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rECM. Preliminary experiments were run to determine optimal sonication and formaldehyde cross-

linking time. Once optimized, cells were harvested, pelleted, and treated with 1% formaldehyde for 15-
20 minutes to cross-link cellular proteins. The formaldehyde was quenched by adding 1.0 ml of 250 mM
glycine followed by a 5 min RT incubation. Cells were then rinsed twice in ice cold PBS containing
Protease Inhibitor Cocktail [4 pg/ml epibestatin hydrochloride, 2 pg/ml calpain inhibitor II, 2 pg/ml
pepstatin A, 4 pg/ml mastoparan, 4 pg/ml leupeptin hydrochloride, 4 ug/ml aprotinin, 1 mM TPCK, 1
mM phenylmethylsulfonyl fluoride, and 100 uM TLCK)], pelleted, and resuspended in Lysis Buffer [1%
SDS, 10 mM EDTA, 50 mM Tris-HCI at pH 8.1, and 1x Protease Inhibitor Cocktail. Samples were then
sonicated 3 x 15 seconds each with a 1 min incubation on ice in between pulses on a Branson sonifier
model 250 at 50% duty z;nd maximum mini probe power. Supernatants were diluted (1:10) in Dilution
Buffer [1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl at pH 8.1, 1x Protease
Inhibitor Cocktail], and precleared with 2 ug of sheared salmon sperm DNA, 20 pl normal human
serum, and 45 pl of protein A-sepharose [50% slurry in 10 mM Tris-HCI at pH 8.1, 1 mM EDTA].
Human anti-CBP antibody (A22, Santa Cruz) was added to the precleared lysate, and placed on a shaker
at 4°C, followed by the addition of 45 pl of protein A-sepharose and 2.0 pg sheared salmon sperm DNA,
and then incubated an additional 1 hour on a shaker at 4°C. Sepharose beads were then collected and
washed sequentially for 10 min each in TSE I (0.1% SDS, 1% TritonX-lOO, 2 mM EDTA, 20 mM Tris-
HCl at pH 8.1, 150 mM NaCl), TSE II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at
pH 8.1, 500 mM NaCl), and buffer IIT (0.25 M LiCl, 1% NP-40, 1% deoxycholate, I mM EDTA, 10 mM
Tris-HCl at pH 8.1). Beads were washed once with TE buffer and DNA eluted with 100 pl of 1% SDS-
0.1 M NaHCO;. The eluate was heated at 65°C overnight to reverse the formaldehyde cross-lmking.
DNA fragments were recovered by phenol/chloroform extraction followed by ethanol precipitation and
then amplified by using PCR primers, sense 5°-AAG CTT AAG TTT TCC CAT CCG CAA C-3’ and

antisense 5°’-TCT AGA GCT GAC CGC CTC ACT GC-3’. Thirty microliters of PCR product were
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analyzed by electrophoresis in 1.5% agarose gels containing ethidium bromide and visualized under UV

light. All samples were tested in triplicate.

Results

Late passage HMEC-EG6 cells acquire resistance to rECM-induced apoptosis associated with
réarrangement of the CBP locus at chromosome 16p13.

Previous cytogenetic analysis suggested that chromosome 16p harbored a gene(s) whose loss and/or
rearrangement might play a role in resistance to rECM-mediated growth control and apoptosis (Seewaldt
et al., 2001a). In this study, detailed SKY-based cytogenetic analysis was performed on late passage
HMEC-E6 cells to identify gene rearrangements that might pinpoint the chromosomal location of
potential gene(s) whose loss might promote rECM-resistance. Chromosomal rearrangements and
deletions involving 16p were surveyed in 35 unique late passage HMEC-E6 cells (Fig. 1A). A majority
of chromosomal changes involving 16p were whole chromosome or whole chromosome arm deletions,
however, 1) one rECM-resistant cell with a 16p deletion retained material proximal to 16p12, while 2) a
second rECM-resistant cell exhibited an unbalanced translocation der(16)t(13;16)(q1?2;p13) that
affected band 16p13 (Fig. 1B). These observations indicated that the gene of importance was located in
the distal region of 16p, at 16p13. Chromosomal band 16p13 is the locus of the CBP gene (Giles et al,
1997; Yao et al., 1998). Since CBP is known to play a role in growth regulation and apoptotic signaling,
we hypothesized that loss of CBP protein expression might promote rECM-resistance in HMEC-E6

cells.

Resistance to rECM-mediated growth regulation and apoptosis correlates with a decrease in CBP

protein expression.
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Expression of the exogenous HPV-16 E6 construct and suppression of p53 protein expression was tested

by Northern and western analysis (Fig. 2A, B). Western analysis tested whether rECM-resistant late
passage HMEC-E6 cells exhibited decreased expression of CBP. CBP protein expression was markedly
decreased in late passage, rECM-tesistant HMEC-E6 cells relative to early passage, rTECM-sensitive
HMEC-E6 cells and HMEC-LXSN controls. Late passage HMEC-E6 cells exhibited a 95% (p< 0.0001)
and 92% (p< 0.0001) respective decrease in CBP protein expression rélative to early passage HMEC-
LXSN controls and early passage HMEC-E6 cells (Fig. 2C). In contrast, there was no significant
decrease in CBP protein expression in late passage HMEC-LXSN controls relative to early passage cells
(Fig. 2C). These observations in late passage HMEC-E6 cells 1) demonstrate that rECM-resistance
correlates with decreased CBP protein expression and 2) are consistent with cytogenetic analysis

demonstrating loss or rearrangement of the CBP locus at 16p13.

Antisense ODNs suppress CBP in early passage HMECs.

Antisense ODNs were utilized to suppress CBP protein expression in HMECs to test whether the level
of CBP protein expression might be important for tECM-sensitivity. Relative levels of CBP protein
expression were tested by Western analysis. Early passage HMEC-LXSN control and early passage
HMEC-ES6 cells treated with the active, CBP-specific ODN, A3342V, exhibited a 65% (p< 0.0001) and
81% (p< 0.0001) respective decrease in CBP protein expression relative to untreated controls (Fig. 2D).
Cells treated with the inactive CBP ODN, scrA3342V, did not exhibit a statistically significant decrease
in CBP protein expression (Fig. 2D). A second HMEC strain, AG11134, was tested to ensure that these

observations were not strain-dependent (data not shown).

Suppression of CBP enhances proliferation in rECM.
Treatment of early passage HMEC-LXSN controls and HMEC-E6 cells with CBP-specific ODNs

resulted in enhanced proliferation in fECM-culture as measured by 1) sphere diameter and 2) Ki-67
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staining. Both early passage HMEC-LXSN controls and HMEC-E6 cells treated with active CBP-

specific ODNs (A3324V) demonstrated a continued increase in sphere diameter from Day 7-11 in rECM
culture (Fig. 3A, B) and data not shown). In contrast, early passage HMEC-LXSN controls and HMEC-
E6 cells treated with inactive ODNs (scrA3342V) did not exhibit any increase in sphere diameter after
- Day 7 (Fig. 3A, B). Treatment of early passage HMEC-LXSN and HMEC-E6 cells with CBP-specific
ODNSs (A3342V) resulted in continued Ki-67 staining at 9 and 11 days in TECM culture (Fig. 3C, D). In
contrast, Ki-67 staining at 9 and 11 days was markedly reduced in HMEC-LXSN and HMEC-E6 cells
treated with inactive ODNs (scrA3342V) and untreated cells (Fig. 3C, D) and data not shown). These
observations show that suppression of CBP protein expression in early passage HMEC-E6 cells and

HMEC-LXSN controls results in enhanced proliferation in tECM culture.

Suppression of CBP inhibits apoptosis in rECM culture.

Early passage HMEC-E6 cells were treated with CBP-specific antisense ODNs to test whether
suppression of CBP protein expression blocked apoptosis in rECM culture. Early passage HMEC-E6
cells treated with CBP-specific antisense ODNs (A3342V) formed large irregular clusters in fECM and
did not undergo apoptosis on Days 7-11 as assessed by electron microscopy and TUNEL-staining (Fig.
4B, D). In contrast, early passage HMEC-E6 cells treated with inactive CBP ODNs underwent apoptosis
on Day 7 as assessed by either morphologic criteria or TUNEL-staining (Fig. 4C, D). Similar to early
passage HMEC-E6 cells, early passage HMEC-LXSN cells treated with CBP-specific, antisense ODNs
(A3342V) formed large irregular clusters in tTECM and did not undergo apoptosis (Fig. 4A). Early
passage HMEC-LXSN controls treated with inactive ODN (scrA3342V) formed a morphologically
organized, ascinus-like structure and did not undefgo apoptosis, consistent with what has been
previously observed for eérly passage HMEC-LXSN untreated controls (Fig. 4E and data not shown)
(Seewaldt et al., 2001a). These observations demonstrate that suppression of CBP protein expression in

HMEC-ES6 cells by antisense ODNs blocks apoptosis in rTECM culture.
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A second HMEC strain, AG11134, was tested to ensure that these observations were not HMEC strain-
specific. Similar to observations made in HMEC strain AG11132 above, 1) early passage AG11134-E6
cells treated with inactive CBP ODN (scrA3342V) were sensitive to rECM-growth regulation and
underwent apoptosis at Day 7, 2) early passage AG1134-LXSN controls treated with antisense-CBP
ODN (A99424V) were resistant to rECM growth arrest and did not undergo apoptosis on Days 7-11, and
3) early passage AG11134-LXSN controls treated with CBP-specific antisense ODNs were resistant to

rECM-mediated growth regulation and did not undergo apoptosis (data not shown).

Expression of CBP in rECM-resistant, late passage HMEC-EG6 cells promotes apoptosis.

Retroviral-mediated gene expression was utilized to express CBP in rECM-resistant late passage
HMEC-E6 cells. RT-PCR and Western analysis confirmed expression of exogenous expression of CBP
(Fig. SA and data not shown). As previously observed, late passage HMEC-E6 cells exhibited an 89%
(p< 0.0001) decrease in CBP protein levels relative to early passage HMEC-E6 cells. Retroviral-
mediated exogenous expression of CBP in late passage HMEC-E6 cell resulted in CBP protein levels
that were similar (114%) to that of early passage HMEC-EG6 cells. Since CBP protein levels are thought
to be tightly regulated, it is important that the level of CBP protein expression in transduced late passage
HMEC-E6 cells was not significantly greater than baseline CBP levels in early passage HMEC-E6 cells,
HMEC-LXSN vector controls, and parental HMECs (Fig. 5A and data not shown). Exogenous
expression of CBP in late passage HMEC-E6 cells resulted in reduced proliferation on Days 5-11
relative to late passage HMEC-E6 cells transduced with the empty LXSN vector alone. Proliferation in
rECM-culture was measured by 1) physical growth parameters and 2) Ki-67 staining. Late passage
HMEC-E6 cells expressing exogenous CBP did not exhibit an increase in sphere diameter after Day 7
and exhibited a decrease in Ki-67 staining (Fig. 5B, C). In contrast, late passage HMEC-E6 cells
’;ransduced with the empty LXSN retroviral vector alone and in rECM culture demonstrated a continued
increase in sphere diameter on Days 7-9 and no decrease in Ki-67 staining on Days 7-11 (Fig. 5B, C).

Late passage HMEC-E6 cells 1) expressing exogenous CBP and 2) LXSN controls were tested for the
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presence of apoptosis by morphologic criteria and by TUNEL staining. Late passage HMEC-E6 cells
transduced with CBP underwent apoptosis on Day 7 as assessed by either morphologic criteria or
TUNEL-staining (Fig. 5D, E). In contrast, HMEC-EG6 cells expressing the empty LXSN retroviral vector
formed large irregular clusters in rECM and did not undergo apoptosis (Fig. SD, E). These observations
demonstrate that expression of CBP protein expression in tECM-resistant late passage HMEC-E6 cells

promotes sensitivity to EECM-mediated growth arrest and apoptosis.

Laminin-5 expression is decreased in rECM resistant, late passage HMEC-E6 cells.

We previously observed that sensitivity to rECM-apoptosis in early passage HMEC-E6 cells required
polarized expression of o3/B1-integrin (Seewaldt et al., 2001a). Differential gene expression studies,
semi-quantitative RT-PCR, and Western analysis were performed to test whether the loss of sensitivity
to rECM-mediated growth regulation, polarity, and apoptosis observed in late passage HMEC-E6 cells
correlated with altered expression of laminin-5 and/or a3/Bl-integrin mRNA. Differential gene
expression studies demonstrated decreased expression of all three laminin-5 chains (a3, 83, and y2) in
apoptosis-resistant, late passage HMEC-E6 cells relative to early passage HMEC-LXSN controls and
early passage HMEC-E6 cells grown in rECM (Fig. 6A). Semi-quantitative RT-PCR confirmed a 98%
decrease in laminin-5 a3-chain (p< 0.001), a 52&% decrease in laminin-5 B3-chain (p< 0.01), and a 45%
decrease in laminin-5 y2-chain (p< 0.001) mRNA expression relative to early passage HMEC-LXSN
controls (Fig. 6B, C). Late passage HMEC-E6 cells also exhibited an 87% decrease in laminin-5 a3-
chain (p< 0.001), a 45% decrease in laminin-5 B3-chain (p< 0.01), and a 36% decrease in laminin-5 y2-
chain (p< 0.001) mRNA expression relative to early passage HMEC-ES6 controls (Fig. 6B, C). There

- was no significant change in the level of a.3/p1-integrin mRNA expression (Fig. 6A-C).

Laminin-5 a3-chain protein has been shown previously to exhibit both a processed and unprocessed form
(Aumailley et al., 2003). Western analysis demonstrated that late passage HMEC-E6 cells exhibited a
72% (p< 0.0001) and 59% (p< 0.0001) respective decrease in unprocessed and processed laminin-5 a3-
chain protein relative to early passage HMEC-LXSN cells (Fig. 6D, E). Late passage HMEC-E6 cells

exhibited a 74% (p< 0.0001) decrease in processed laminin-5 a3-chain protein expression relative to
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early passage HMEC-EG6 cells but only a small 10% .and non-statistically significant (p= 0.064) decrease
in unprocessed laminin-5 a3-chain protein expression. These observations demonstrate that the presence
of rECM-resistance in late passage HMEC-E6 cells correlates with a loss of processed laminin-5 o3-

chain protein expression.

Lack of polarized expression of laminin-a3 and integrin-a3 proteins is observed in late passage
HMEC-EG6 cells grown in rECM.

Early and late passage HMEC-LXSN controls and HMEC-E6 cells were grown in tTECM and tested for
1) laminin-5 a3-chain and 2) o3- and pl-integrin expression and distribution by immunohistochemistry
(clones PSH10, P1F2, and P4C10, respectively). Early and late passage HMEC-LXSN controls and
early passage HMEC-ES6 cells exhibited polarized basal expression of laminin-5 a3-chain and o3- and
Bl-integrins (Fig. 7A-F and data not shown). In contrast, late passage, CBP-“poor” HMEC-E6 cells
grown in tECM demonstrated disorganized plasma membrane and cytosolic expression of a3-integrin
(Fig. 7G). As predicted by differential gehe expression studies and Western analysis, there was also a
qualitative decrease in laminin-5 o3-chain expression in late passage HMEC-E6 cells relative to controls
(Fig. 7H). Late passage HMEC-E6 cells grown in rECM exhibited polarized basal Bl-integrin
expression but had increased cytosolic expression relative to early passage cells (data not shown). A
second HMEC strain, AG1134 was tested to ensure that these observations were not strain specific (data
not shown). These observations demonstrate a loss of polarized expression of laminin-5 a3-chain and

a3-integrin in rECM-resistant late passage HMEC-E6 cells.

Suppression of CBP expression in HMECs alters both laminin-a3 and a3-integrin protein
distribution in rECM culture.

We observed that late passage HMEC-E6 cells grown in rECM culture exhibit 1) reduced levels of CBP
protein expression and 2) disorganized expression of both laminin-5 a3-chain and o3-integrin. This
observation led us to hypothesize that suppression of CBP in HMECs would alter laminin-5 a3-chain
and o3-integrin expression and/or distribution. CBP protein expression was suppressed in early passage

HMEC-E6 cells and HMEC-LXSN controls by treatment with CBP-specific, antisense ODN
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(A99424V). HMECs with suppressed CBP expression exhibited disorganized plasma membrane and
cytosolic distribution of o3-integrin (Fig. 8A, B) and qualitatively reduced levels of laminin-5 «3-chain
expression (Fig. 8E, F). Bl-integrin expression was observed at the basal surface (data not shown). In
contrast, early passage HMEC-LXSN controls and HMEC-E6 cells treated with inactive CBP ODN
(scrA99424V) exhibited polarized basal expression of laminin-5 a3-chain and o3- and p1-integrins (Fig.
8C, D, G, H and data not shown). These observations demonstrate that suppression of CBP protein

expression in HMECs alters the distribution of both laminin-5 a3-chain and o3-integrin.

Decreased CBP expression in rECM-resistant late passage HUEC-E6 cells correlates with decreased
LAMA3A promoter activity.

We tested whether the observed decrease in CBP and laminin-5 a3-chain expression in late passage
HMEC-E6 cells correlated with decreased LAMA3A promoter activity. Early and late passage HMEC-
E6 and passage-matched HMEC-LXSN controls were transiently transfected with a CAT reporter
coupled to the LAMA3A promoter sequence (1403 bp, GenBank Accession Number AF279435) and
grown in TECM culture. rECM-sensitive, early passage HMEC-E6 cells and early and late passage
HMEC-LXSN controls exhibited a similar level of LAMA3A activity (Fig. 9A). In contrast, TECM-
resistant, late passage HMEC-E6 cells with decreased CBP and laminin-5 a3-chain expression exhibited
a 91% decrease in LAMA3A promoter activity relative to early passage HMEC-E6 cells (p< 0.01) (Fig.
9A). These experiments demonstrate in HMECs a positive correlation between 1) the level of CBP and

laminin-5 a3-chain protein expression and 2) LAMA3A promoter activity.

LAMA3A promoter activity is decreased in HMECs with suppressed CBP protein expression.

We next tested whether suppression of CBP protein expression resulted in decreased L4MA34 promoter
activity. LAMA3A-CAT reporter activity was compared in early passage HMEC-LXSN and HMEC-E6
cells treated with either CBP-specific antisense ODNs (A3342V) or inactive ODNs (scrA3342V). A
92% (p< 0.001) and 89% decrease (p< 0.001) in LAMA3A promoter activity was observed, respectively,
in early passage HMEC-LXSN and HMEC-E6 cells grown in rECM and treated with CBP-specific
ODNSs (A3342V) relative to cells treated with scrambled ODNs (scrA3342V) (Fig. 9B). No significant
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difference in LAMA3A promoter activity was observed in HMECs treated with or without scrambled
ODN . A second HMEC strain, AG1134, was tested to ensure that these observations were not strain-
specific (data not shown). These observations demonstrate that suppression of CBP expression in

HMECs results in a reduction in LAMA3A promoter activity.

Lack of CBP occupancy of the LAMA3A promoter correlates with rECM-resistance.

The human L4MA3A promoter contains three AP-1 sites at positions —387, —185, and —127 (Miller et al,,
2001). The AP-1 site, at position —185, has been previously shown to be critical for basal activity in
mammary epithelial cells (Miller et al., 2001). Chromatin immunoprecipitation (ChIP) was performed in
rECM-resistant, CBP-“poor” late passage HMEC-E6 cells and controls to test whether the observed 1)
decrease in laminin-5 a3-chain expression and 2) loss of LAMA3A4 activity correlated with a lack of CBP
binding to the 277 bp AP-1-“rich” site of the LAMA3A promoter (position -402 to -125) (Miller et al,
2001).. Early and late passage HMEC-LXSN control cells and rECM-sensitive, early passage HMEC-
E6 cells grown in tTECM demonstrated CBP binding to the AP-1-“rich” site of the LAMA3A promoter.
In contrast, rECM-resistant, late passage HMEC-E6 cells, with decreased CBP and laminin-5 o3-chain
expression, demonstrated markedly decreased CBP binding (Fig. 10A). These observations suggest that
a decrease in CBP expression might promote loss of CBP occupancy of the AP-1-“rich” site of the

LAMA3A promoter.

Suppression of CBP expression in HMECs results in loss of CBP occupancy at the AP-1-“rich”
region of the LAMA3A promoter.

Early passage HMEC-E6 cells were treated with active CBP ODNs and tested by ChIP to determine
whether suppression of CBP protein expression resulted a loss of CBP occupancy of the AP-1-“rich”
region of the LAMA3A promoter. Early passage HMEC-E6 cells treated with CBP-specific ODN, and
grown in TECM, demonstrated a loss of CBP occupancy of the LAMA3A4 promoter (Fig. 10B). This
decreased LAMA3A promoter occupancy corresponded with a marked decrease in laminin-5 a3-chain
mRNA expression (Fig. 10C). In contrast, early passage HMEC-E6 controls, treated with inactive

ODNs and grown in rECM, demonstrated CBP-occupancy of LAMA3A and normal levels of laminin-5
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a3-chain mRNA expression (Fig. 10B, C). These observations demonstrate that suppression of CBP
expression in HMEC-E6 cells by antisense ODNs results in a loss of CBP occupancy of the AP-1-“rich”
site of the LAMA3A promoter. Since the AP-1 site, at position —185, is critical for basal activity in
mammary epithelial cells (Miller et al., 2001), these observations provide a potential mechanism by
which loss of CBP expression might promote loss of LAMA34 promoter activity and laminin-5 a3-chain

expression in HMECs.

Expression of CBP in rECM-resistant, late passage HUEC-EG cells restores laminin-a3 expression.

Retroviral-mediated gene expression was utilized to express CBP in rECM-resistant late passage
HMEC-E6 cells as previously shown (Fig. 5). Late passage HMEC-E6 cells exhibited an 89% (p<
0.0001) decrease in CBP protein levels relative to early passage HMEC-E6 cells and retroviral-mediated
exogenous expression of CBP in late passage HMEC-E6 cell resulted in CBP protein levels that were
similar (114%) to that of early passage HMEC-E6 cells (Fig. SA). Laminin a-3 exhibited a 74%
decrease (p< 0.01) in protein expression when late passage HMEC-E6 cells were 'compared to early
passage HMEC-E6 cells (Fig. 5A). Retroviral-mediated exogenous expression of CBP in late passage
HMEC-E6 cells was associated with a 142% increase (p< 0.01) in laminin a-3 expression as compared
to early passage HMEC-E6 cells (Fig. 5A). These observations demonstrate that restoration of CBP
protein expression in TECM-resistant late passage HMEC-E6 cells was also associated with restoration

of laminin a-3 expression.

Discussion

Interactions between mammary epithelial cells and ECM are important for mammary gland homeostasis;
loss of ECM-sensitivity is thought to be an early event in mammary carcinogenesis. CBP is a tightly

regulated transcription factor that regulates proliferation, differentiation, and apoptosis. In this report,
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we show that suppression of CBP expression promotes loss of sensitivity to rECM-growth regulation

and -apoptosis through loss of laminin-5 a3-chain expression.

Current models suggest that CBP is present in limiting amounts and transcriptional regulation may be, in
part, achieved through competition for this cofactor, as only partial suppression of CBP is required for a
pﬁenotype in the CBP heterozygote “knock out” mouse (Kawasaki et al., 1998; Yao et al., 1998; Shang
et al,, 2000). In our model system, CBP was suppressed by either gene loss/rearrangement following
stable expression of HPV16 E6 protgin or employing AS-ODNs directed against CBP. E6 protein can
bind to the C/H3 domain of CBP and suppress CBP function (Goodman and Smolik, 2000). In our
model system, AS-ODN directed to CBP resulted in both decreased growth and suppression of apoptosis
of E6 expressing cells grown in tECM (Figs. 3 and 4). As demonstrated by ChIP in this report, CBP is
recruited to the LAMA3A promoter in HMEC-ES cells (Fig. 10). In other work, we have also shown that
HMEC-ES cells retain their sensitivity to retinoic acid (Seewaldt et al., 1999a), which requires CBP, and
that CBP is recruited to the IRF-1 promoter is required in tamoxifen stimulated apoptosis of HMEC-E6
cells (unpublished data). Furthermore, we have demonstrated that sensitivity to rECM induced apoptosis
of HMEC-E6 cells is a function of p53 suppression (Dietze et al,, 2001; Seewaldt et al.,, 2001a).

Clearly, CBP function is not blocked by E6 in HMEC-E6 cells.

In this report, we show that only partial suppression of CBP protein expression in HMECs is required for
rECM- and apoptosis-resistance. Consistent with observations in our in vitro system, partial suppression
of CBP protein levels in virgin CBP(+/-) heterozygote mice results in a 90% incidence of severe
mammary gland hyperplasia and hyperlactation (Yao, personal communication). Taken together, these
observations provide evidence that partial suppression of CBP protein expression in mammary epithelial

cells promotes resistance to rECM-growth regulation and -apoptosis.
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We also demonstrate a novel mechanism by which loss of CBP occupancy of the AP-1-“rich” region of

the LAMA3A promoter may promote early mammary carcinogenesis by inhibiting expression of laminin-
5 a3-chain expression. AP-1 response elements are cis-acting DNA sequences known to regulate a wide
range of cellular processés, including proliferation, apoptosis, survival, and differentiation (Shaulian and
Karin, 2002). CBP is known to interact with the AP-1 response element (Horvai et al., 1997; Benkoussa

at al., 2002) and participate in activation of AP-1 (Arias et al. 1994; Kwok at al., 1994; Kamei et al.,

1996). While much is known about CBP/AP-1 interactions, the role of CBP and AP-1 in early
mammary carcinogenesis is poorly defined. It has been recently shown that retinoic acid receptors
- inhibit AP-1 activity through regulating extracellular signal-regulated kinase and CBP recruitment to an
AP-1-responsive promoter (Benkoussa et al., 2002). Here we report a novel mechanism by which CBP
occupancy of the AP-1-“rich” region of the LAMA3A promoter is important for regulating laminin-5 a3-
chain expression. Both the mouse and human LAMA34 promoter contain an AP-1-“rich” region (Virolle
et al., 1998; Millet et al., 2001). The second AP-1 binding site present in both the mouse and human
LAMA3A promoter is critical for baseline transcription of laminin-5 a3-chain (Virolle et al., 1998; Millet
et al., 2001). We show that suppression of CBP results in loss of LAMA3A promoter activity and
laminin-5 a3-chain expression and 2) blocks the apoptotic elimination of acutely “damaged” HMEC-E6
cells. The decreased production of laminin 5-a3 correlated with loss of CBP occupancy of the AP-1-
“rich” region of the LAMA34 promoter. Taken together, these observations suggest that 1) CBP
occupancy of the LAMA3A promoter promotes laminin-5 a3-chain expression and 2) loss of CBP
occupancy inhibits laminin-5 a3-chain expression and may promote survival of acutely “damaged”

HMECs.

In contrast to our observation that suppression of CBP inhibits laminin-5 o3-chain expression in
HMEQCs, it has been previously observed that overexpression of the related co-activator p300 inhibits

laminin-5 production in MCF-10A cells (Miller et al., 2000). One potential explanation for these
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seemingly divergent results may lie in differences in cell type. MCF-10A is an immortalized human

breast epithelial cell line that exhibits complex chromosomal rearrangements (Yoon et al., 2002). Our
CBP suppression studies were performed in either early passage HMEC-LXSN control cells or in early
passage HMEC-E6 cells. These transduced cell strains are not immortalized and previous cytogenetic
analysis demonstrates the absence of chromosomal rearrangements in early passage transduced HMECs
(Seewaldt et al., 2001). It is also possible that the difference between these previous studies and our
results can be accounted for by differences between CBP and p300 activities. While p300 and CBP have
many overlapping functions, there is ample evidence that they also have distinct activities. For example,
CBP and p300 play distinct roles during retinoic acid-induced differentiation in F9 cells (Kawasaki et
al., 1998; Ugai et al., 1999), and p300, but not CBP, has been shown to be transcriptionally regulated by

BRCAL1 in breast cancer cell lines (Fan et al. 2002).

In this study, we observe that suppression of CBP results in loss of laminin-5 o3-chain expression.
Observations in our model system are consistent with prior studies showing loss of laminin-5 a3-chain
. expression during early carcinogenesis (Hao et al., 2001, Sathyanarayana, et al., 2003) but do not explain
the seemingly paradoxical observation thatb increased laminin-5 y2-chain expression and cleavage is
associated with tumor invasion (Pyke et al., 1994; Seftor et al., 2001; Yamamoto et al., 2001). However,
the rECM-resistant cells used in this model system are 1) not transformed and 2) do not exhibit invasion
in in vitro assays, and therefore represent a model of pre-invasive breast cancer, rather than a model of

invasion.

Tumorigenesis is thought to be a multistep process; there is increasing evidence that epigenetic changes,
including DNA methylation and coactivator/corepressor shifts, may play an important role modulating
gene expression during carcinogenesis. For example, it has been recently found that transcription of the

E-cadherin gene is down-regulated during early carcinogenesis by both promoter hypermethylation and
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modulation of coactivator/corepressor expression (Thiery, 2003). Similar to what has been observed for

E-cadherin regulation, prior studies have demonstrated that laminin-5 o3-chain expression can be
inhibited by hypermethylation ‘(Sathyanarayana, 2003) and here we provide evidence for a second
epigeneti;: mechanism, coactivator modulation, that regulates expression of laminin-5 «3-chain.
Recently there is new evidence that loss of E-cadherin expression may be temporary and that epigenetic
control over the expression of E-cadherin would make it possible for E-cadherin to be produced in
aggressive primary and metastatic breast tumors (Thiery, 2003). This model of differential regulation of
E-cadherin expression may be valuable in reconciling the potentially divergent observations that 1)
laminin-5 a3-chain expression is lost during early mammary carcinogenesis and 2) increased laminin-5
y2-chain expression is associated with tumor invasion and an aggressive phenotype (Pyke et al., 1994,
Seftor et al., 2001; Yamamoto et al., 2001; Niki et al., 2002). Further studies will be necessary to
determine the role of epigenetic silencing of laminin-5 o3-chain expression in early mammary

carcinogenesis.

In summary, observations in our model system predict that a partial reduction of CBP expression results
in 1) loss of CBP occupancy of the AP-1-“rich” region of the LAMA3A promoter, 2) decreased LAMA3A
promoter activity, and 3) reduced expression of laminin-5 o3-chain protein. We also observe that loss of
CBP/laminin 5-a3 expression blocks rECM-growth regulation and -apoptosis in vitro and thereby may
promote the clonal expansion of “damaged” HMECs in vivo. These observations have potential clinical
implications and suggest that suppression of CBP may promote a cellular environment that may increase

the risk of subsequent invasive breast cancer.
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Table 1: CBP-specific antisense ODN sequences

Target gene Sequences Size Status
CBP '
A3342V 5’-CACTTCAGGTTTCTTTTCATCC -3’ 22 bp Active
scrA3342V 5’- ATTCTCATCATCGTCTTCGTTC-3’ 22 bp Inactive

The first and last three base pairs of each ODN sequence were phosphorothiolate modified.

Table 2: Laminin and integrin primers

Gene Primer set Cycle conditions PCR cycle
number

1TG4A3 | F: 5-AAGCCAAGTCTGAGACT -3’ o 20m
R: 5"-GTAGTATTGGTCCCGAGTCT -3’ °C 1 min 2
2°C 7 min.

ITGBI | F:5-GCGAAGGCATCCCTGAAAGT -3’ 6 30w
R: 5-GGACACAGGATCAGGTTGGA -3’ € s 19
2°C 7 min.

LAMA3 | F: 5-TGTGGATCTTTGGGGCAG-3’ oG 200
R: 5-TTGCCATAGTAGCCCTCCTG -3’ 5°C 30se 20
2°C 7 min.

LAMB3 | F:5-TGAGGTTCAGCAGGTACTGC -3’ oG}
R: 5-TAACTGTCCCATTGGCTCAG -3’ 5°C 1 min 23
‘ 2°C 7 min,

LAMC? | F: 5-CTGAGTATGGGCAATGCCAC -3’ Soc 1 mim
R: 5-GCTCTGGTATCAACCTTCTG -3’ S°C 1min 22
2°C 7 min.

4°C 2 min.

Beta-actin| F: 5’-GCTCGTCGTCGACAACGGCTC-3’ 4°C 15 sec.
R: 5’-CAAACATGATCTGGGTCATCTTCTC-3’ 5°C 30sec. 18

. 2°C 30 sec.
(Invitrogen) 2°C 7 min.
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Fig. 1. (a) Karyotype of late passage HMEC-E6 cells.(b) Partial karyotypes of a representative late

passage HMEC-E6 (passage 20) mitotic cells demonstrate two copies of an unbalanced translocation
between chromosomes 13 and 16 involving 16p13 (arrows). SKY in display (SKY display) colors (blue,
chromosome 13 material, bluish gray, chromosome 16 material). SKY in classification (SKY
classification) colors (red, chromosome 13 material; orange, chromosome 16 material). Inverted and

contrast-enhanced DAPI (DAPI) image of the same metaphase cells.

Fig.2. (a) Expression of endogenous p53 and exogenous HPV-16 E6 mRNA in HMECs. Passage 10
and 18 HMEC-P parental cells (Parental), HMEC-LXSN controls (LXSN), and HMEC-E6 cells (E6)
were analyzed for p53 and HPV-16 E6 mRNA expression. Ten micrograms of RNA were loaded per

lane. 36B4 served as a loading control.

(b) Expression of p53 protein is suppressed in HMEC-E6 cells. Passage 10 and 18 HMEC-P parental
cells (Parental), p53(+) HMEC-LXSN controls (LXSN), and HMEC-E6 cells (E6) were analyzed for
p53 protein expression as described in Materials and Methods. Equal amounts of protein lysate were

loaded per lane. Actin was used as a loading control.

(c) CBP protein expression is decreased in apoptosis-resistant late passage HMEC-E6 cells. Early and
late passage HMEC-LXSN vector controls (LXSN) (passages 11 and 16) and HMEC-E6 cells (E6)
(passages 11 and 18) were énalyzed for CBP protein expression as described in Materials and Methods.

Equal amounts of protein lysate were loaded per lane. Actin was used as a loading control.

(d) CBP protein expression is suppressed by antisense ODNs. HMEC-LXSN vector controls (LXSN)
(passage 12) and early passage HMEC-E6 cells (E6) (passage 12) were cultured in the presence of (1) no
treatment, (2) active CBP-specific ODN (A3342V), and (3) inactive CBP ODN (scrA3342V). Resultant
cells were analyzed for CBP protein expression as described in Materials and Methods. Equal amounts

of protein lysate were loaded per lane. Actin was used as a loading control.
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Fig.3. Inhibition of CBP expression in HMECs by antisense ODNs results in enhanced proliferation
in tECM. The mean diameter of spheres formed by early passage HMEC-LXSN vector controls
(passage 10) (a) and early passage HMEC-E6 cells (passage 11) (b) treated with either CBP antisense
ODN (A3342V) (CBPAS) or inactive CBP ODN (scrA3342V) (CBPscr) were plotted as a function of
days in culture. Cells were plated in rECM on Day 0, and the diameter of growing spherical cell
colonies was measured with an eye-piece equipped with a micrometer spindle. Ki-67 (c, d) staining
indices in early passage HMEC-LXSN cells (passage 10) (c) and early passage HMEC-E6 cells (passage
11) (d). Two hundred cells were surveyed per time point and indices were calculated from an average of

three independent experiments. Error bars show standard error.

Fig. 4. Inhibition of CBP in early passage HMECs by antisense ODNs blocks apoptosis in tTECM
culture. Electron micrographs of early passage HMEC-LXSN control cells (passage 11) (a) and early
passage HMEC-E6 cells (passage 11) (b) treated with CBP antisense (A3342V) ODN and grown in
rECM for 9 days. Cells formed large, dense, irregularly shaped multicellular cc;lonies with no central
lumen (a, b). In contrast, early passage HMEC-E6 cells (paésage 10) treated with inactive CBP ODN
(scrA3342V) (c) underwent apoptosis when grown in rECM for 7 days as evidenced by 1) nuclear
condensation (n), 2) cell shrinkage and separation, and 3) margination of chromatin (mr). Percent of
apoptotic cells in early passage HMEC-E6 cells (passage 11) (d) and early passage HMEC-LXSN
controls (passage 11) (e) treated either with active (A3342V) or inactive (scrA3342V) CBP-specific
ODNs. Apoptosis was measured by TUNEL-staining as described in Materials and Methods. Apoptotic
index was measured by calculating the percentage of TUNEL-staining cells relative to the total number
of cells surveyed. Data represents an average of three independent experiments. Error bars show
standard error.
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Fig. 5. Expression of CBP in late passage HMEC-E6 cells promotes apoptosis in rECM.

(a) CBP and laminin a.-3 protein expression are compared in late passage HMEC-E6 cells (®) (passage
18), late passage HMEC-E6 cells (passage 18) transduced with the empty retroviral vector LXSN ((-
)CBP), late passage HMEC-E6 cells expressing exogenous CBP ((+)CBP) (passage 18), and HMEC-E6
cells (passage 10). Equal amounts of protein lysate were loaded per lane. Actin was used as a loading

control.

(b) Exogenous expression of CBP in apoptosis-resistant late passage HMEC-E6 cells results in
decreased proliferation in rECM. The mean diameter of spheres formed by late passage HMEC-EG6 cells
(passage 16) expressing exogenous CBP ((+)CBP) or transduced with the LXSN control vector ((-
)CBP). Cells were plated in fECM on Day 0, and the diameter of growing spherical cell colonies was

measured with an eye-piece equipped with a micrometer spindle.

(c) Ki-67 staining indices in late passage HMEC-E6 cells (passage 17) expressing exogenous CBP
((HCBP) or transduced with the LXSN control vector ((-)CBP). Two hundred cells were surveyed per
time point and indices were calculated from an average of three independent experiments. Error bars

show standard error.

(d) Electron micrographs of late passage HMEC-E6 cells (passage 17) expressing exogenous CBP
((H)CBP) or transduced with the LXSN control vector ((-)CBP) grown in rECM for 7 days. Late
passage HMEC-E6 (-)CBP control cells formed large, dense, irregularly shaped multicellular colonies
with no central lumen. In contrast, late passage HMEC-E6 (+)CBP cells underwent apoptosis when
grown in rfECM for 7 days as evidenced by 1) nuclear condensation (n), 2) cell shrinkage and separation,

and 3) margination of chromatin (mr).
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(e) Percent of apoptotic cells in late passage HMEC-E6 cells (passage 16) expressing exogenous CBP

((+) CBP) or transduced with the LXSN control vector ((-) CBP). Apoptosis was measured by TUNEL-
staining as described in Materials and Methods. Apoptotic index was measured by calculating the
percentage of TUNEL-staining cells relative to the total number of cells surveyed. Data represents an

average of three independent experiments. Error bars show standard error.

Fig. 6. Laminin-5 a:3-chain expression is decreased in rECM-resistant, CBP-“poor” late passage HMEC-
EG6 cells. |

(a) Analysis of differential gene expression in early (E6E) and late (E6L) passage HMEC-E6 cells
(passage 10 and 18) relative to early passage HMEC-LXSN controls (passage 10) (LXSN). Cells were
grown in contact with rECM and harvested for differential gene expression as described in Materials and
Methods. All RNA combinations used for array analysis were obtained from cells that were matched for
passage number, cultured under the identical growth conditions, and harvested at identical confluency.
Data was collected in triplicate using independent biological replicates. Array images were processed
using Affymetrix MAS 5.0 software. Pair-wise "treatment vs control" comparisons were made
employing CyberT, a Bayesian t-statistic algorithm derived for microarray analysis. Color-coding:
green, downregulation of gene expression; red, induction; black, no significant change; grey, no data
available.

(b) Semiquantitative RT-PCR analysis of integrin and laminin-5 mRNA expression in early and late
passage HMEC-E6 cells (passage 10 and 18) and HMEC-LXSN controls (passage 10 and 16).
Expression was normalized to beta-actin. These data are representative of three separate experiments.
(c) Quantitation of RT-PCR expression data. Studies were performed in triplicate. The resulting film
images were digitized and quantitated using Kodak 1D Image Analysis Software. Expression was

normalized to beta-actin. * p<0.0001
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(d) Laminin-5 a3-chain protein expression is decreased in rECM-resistant, late passage HMEC-E6 cells

(passage 18) relative to TECM-sensitive, early passage HMEC-E6 cells (passage 10) and early and late
passage HMEC-LXSN controls (passage 11 and 18). Western analysis was performed as described in
Material and Methods. Equal amounts of protein lysate were loaded per lane. Actin serves as a loading
control.

(¢) Quantitation of processed and unprocessed laminin-5 a3-chain protein expression. The resulting
film images were digitized and quantitated using Kodak 1K Image Analysis Software. Expression was

normalized to beta-actin. * p<0.0001

Fig. 7. Immunofluorescence characterization of a3-integrin and laminin-5 a3-chain expression in
rECM-sensitive and —resistant cells. Frozen section of early passage HMEC-LXSN controls (passage 10)
(a, b), late passage HMEC-controls (passage 16) (c, d), early passage HMEC-EG6 cells (passage 10) (e, /),
and late passage HMEC-E6 cells (passage 18) (g, #) grown in rECM for 6 days, cryosectioned, and
immunostained for localization of a3-integrin (g, ¢, e, g) and laminin-5 a3-chain expression (b, d, f, h).
o3-integrin and laminin-5 a3-chain expression was primarily localized at the basal surface of early and
late passage HMEC-LXSN and early passage HMEC-E6 cells (arrow heads) (a-f). In contrast,
apoptosis-Tesistant, late passage HMEC-E6 cells showed dispersed membrane and intracellular staining

of a3-integrin (arrow) and qualitatively decreased laminin-5 a3-chain expression.

Fig. 8. Immunofluorescent characterization of a3B1-integrin and laminin-5 o-3 chain expression in
HMECs treated with CBP antisense ODNs. Frozen section of early passage HMEC-LXSN vector
controls (passage 11) and HMEC-E6 cells (passage 11) treated either with CBP antisense ODN
(A3342V) or inactive CBP ODN (scrA3342V). Cells were grown in rECM for 6 days, cryosectioned,

and immunostained for either a3-integrin (a-d) or laminin-5 a3—chain (e-#) as described in Materials
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and Methods. a3- and laminin-5 a3-chain expression were primarily localized at the basolateral surface

in HMEC-LXSN and HMEC-E6 cells treated with inactive CBP ODNs (arrow heads). In contrast,
HMEC-LXSN and HMEC-E6 cells treated with antisense CBP ODNs demonstrated disorganized
membrane and cytosolic staining of a3-integrin (arrows) and markedly reduced levels of laminin-5 a3-

chain expression.

Fig.9. Suppression of CBP expression results in a decrease in LAMA3A4 promoter activity in cells
grown in contact with tECM. (a) LAMA3A promoter activity was measured in 1) early and late passage
HMEC-LXSN controls (passage 11 and 16) and 2) early passage HMEC-E6 cells (passage 10) and
compared to rECM-resistant, CBP-“poor” late passage HMEC-E6 cells (passage 18). (b) LAMA3A
promoter activity is measured in early passage HMEC-LXSN controls (passage 11) or HMEC-E6 cells
(passage 11) treated with either 1) CBP-specific antisense ODNs (A3342V) or 2) inactive ODNs
(scrA3342V) and grown in rECM. LAMA34 promoter activity was measured as described in Materials
and Methods. Data represent two independent experiments performed in triplicate. Error bars show

standard error.

Fig. 10. Suppression of CBP in HMECs grown in rECM promotes decreased occupancy of the 277 bp
AP-1-“rich” region of the LAMA3A promoter. (a) ChIP was performed in 1) early and HMEC-LXSN
controls (passage 11 anci 16) and 2) early passage HMEC-E6 cells (passage 11) and compared with
rECM-resistant, CBP-“poor”, late passage HMEC-E6 cells (passage 18). (b) Early passage HMEC-E6
cells (passage 10) treated with. CBP-specific ODNs, and grown in contact with rECM, were tested by
ChIP to determine whether suppression of CBP expression resulted in a loss of CBP-binding AP-1-
“rich”site of the LAMA3A promoter. ChIP was performed as described in Materials and Methods. Input
controls test the integrity of the DNA samples. (c) Early passage HMEC-E6 cells (passage 11) treated

with CBP-specific ODNs and grown in contact with tECM demonstrated markedly reduced levels of
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laminin-5 o3-chain mRNA by RT-PCR. Beta-actin serves as a loading control. These data are

representative of two separate experiments.
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Tamoxifen and tamoxifen ethyl bromide induce apoptosis in acutely
damaged mammary epithelial cells through modulation of AKT activity

Eric C Dietze', Michelle M Troch!, Gregory R Bean', Joshua B Heffner', Michelle L Bowie',
Paul Rosenberg?, Brooke Ratliff' and Victoria L Seewaldt*!
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Normal human mammary epithelial cells (HMECsS),
unlike estrogen receptor-positive (ER 4 ) breast cancers,
typically express low nuclear levels of ER (ER-‘poor’).
We previously demonstrated that 1.0 uM tamoxifen (Tam)
induced apoptosis in ER-‘poor” HMECs acutely trans-
duced with human papillomavirus-16 E6 (HMEC-E6)
through a rapid mitochondrial signaling pathway. Here,

we show that plasma membrane-associated E2-binding .

sites initiate the rapid apoptotic effects of Tam in HMEC-
E6 cells through modulation of AKT activity. At
equimolar concentrations, Tam and tamoxifen ethyl
bromide (QTam), a membrane impermeant analog of
Tam, rapidly induced apoptosis in HMEC-E6 cells
associated with an even more rapid decrease in phosphor-
ylation of AKT at serine-473. Treatment of HMEC-E6
cells with 1.0 uM QTam resulted in a 50% decrease in
mitochondrial transmembrane potential, sequential acti-
vation of caspase-9 and -3, and a 90% decrease in AKT
Ser-473 phosphorylation. The effects of both Tam and
QTam were blocked by expression of constitutively active
AKT (myristoylated AKT or AKT-Thr308Asp/Ser473-
Asp). These data indicate that Tam and QTam induce
apoptosis in HMEC-E6 cells through a plasma mem-
brane-activated AKT-signaling pathway that results in (1)
decreased AKT phosphorylation at Ser-473, (2) mitochon-
drial membrane depolarization, and (3) activated caspase-
9 and -3.

Oncogene (2004) 23, 3851-3862. doi:10.1038/sj.onc.1207480
Published online 1 March 2004

Keywords: tamoxifen; apoptosis; AKT; plasma mem-
brane; mammary epithelial cells

Introduction

The mechanism of both estrogen (E2) and tamoxifen
(Tam) action in normal mammary epithelial cells
(HMECs) and early proliferative breast lesions is poorly
characterized. Typically, greater than 90% of normal
HMECs express low levels of estrogen receptor (ER)

*Correspondence: VL Seewaldt, DUMC, Box 2628, Durham, NC
27710, USA; E-mail: seewa00l @mc.duke.edu
Received 3 October 2003; revised 23 December 2003; accepted 24
December 2003; Published online 1 March 2004

and are considered ER-‘poor’ (Anderson et al., 1998). It
has been observed that ER-‘poor’, but not ER-positive
(ER +), HMEC:s proliferate in response to E2 (Ander-
son et al., 1998). The National Surgical Adjuvant Breast
and Bowel Project Breast Cancer Prevention Trial
(BCPT) demonstrated that Tam markedly reduced the
incidence of breast cancers in patients with atypical
hyperplasia (Fisher et al., 1998). While many of the
benefits of Tam in the BCPT appear to be mediated
through ER, it is unclear how Tam acted in ER-‘poor’
atypical mammary epithelial cells (Friedman, 1998).
We previously developed.an in vitro model of Tam
action in acutely damaged, ER-‘poor’ HMEC:s. In this
model system, we demonstrated that 1.0uM Tam
promotes apoptosis in ER-‘poor’ HMECs acutely
transduced with HPV-16 E6 (HMEC-E6), but not in
HMEC vector controls (HMEC-LX) (Dietze et al.,
2001; Seewaldt e al., 2001a). Disruption of mitochon-
drial electron transport is an early feature of apoptosis.
We observed in our model of acute cellular damage that

Tam rapidly induced mitochondrial membrane depolar- .

ization and activation of caspase-9. Both the loss of
mitochondrial membrane potential (AW,,) and caspase-9
induction occurred within 30-60min (Dietze et al.,
2001). Effects observed at later times included mito-
chondrial condensation and caspase-3 activation at 6—
12h and morphologic and biochemical evidence of
effector-phase apoptosis starting at 12h.

Rapid signaling by E2, and E2 agonists/antagonists
such as Tam, have been demonstrated in numerous cell
types and are thought to be initiated by membrane-
associated ER (Marquez and Pietras, 2001; Pietras et al.,
2001; Behl, 2002; Ho and Liao, 2002; Kousteni et al,,
2002; Levin, 2002; Ropero et al., 2002; Segars and
Driggers, 2002; Doolan and Harvey, 2003; Li et al.,
2003). Plasma-membrane association of ERa is ablated
by mutation at Ser-522 (Razandi et al., 2003a) and may
require palmitoylation (Li e al., 2003). ERs have also
been shown to associate with caveolin-1, a major
component of caveoli in the plasma membrane (Schlegel
et al., 1999; Chambliss et al., 2002; Razandi et al., 2002).
Rapid, membrane-associated ERa-linked E2 signaling
has been shown to activate signal-transduction path-
ways involving cAMP, Ca*?, NO, Ras, AKT, and
mitogen-activated protein kinase (MAPK) (Aronica
et al., 1994; Improta-Brears et al., 1999; Linford et al.,
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2000; Pietras et al., 2001; Behl, 2002; Ho and Liao,
2002). In turn, some of these signaling pathways have
been shown to activate ERa. For example, ERa is phos-
phorylated on Ser-118 and -167 by MAPK and AKT,
respectively (Kato et al., 1995; Campbell et al., 2001).

AKT activity is critical for normal mammary gland
homeostasis and overexpression of AKT is frequently
observed in primary mammary tumors (Sun et al.,
2001). E2 promotes mammary epithelial cell survival
through AKT activation; loss of AKT activity promotes
apoptosis and mammary gland involution (Kandel and
Hay, 1999; Okano et al., 2000; Aoudjet and Vuori,
2001; Hutchinson et al, 2001; Schwartfeger et al.,
2001; Strange et al., 2001; Sun et al., 2001; Testa and
Bellacosa, 2001). ER has been shown to directly interact
with the regulatory subunit of phosphatidylinositol-3-
OH kinase (PI3K) which results in the activation of
AKT (Simoncini et al., 2000). Association between the
pleckstrin homology domain of AKT and the PI3K lipid
product results in two events leading to AKT activation:
(1) recruitment of AKT to the plasma membrane and (2)
phosphorylation of Thr-308 in the kinase domain and of
Ser-473 in the C-terminal hydrophobic motif domain by
membrane bound kinases (Brazil and Hemmings, 2001;
Whitehead et al., 2001; Scheid and Woodgett, 2003).
Overexpression of AKT and increased AKT-1 activity is
frequently observed in primary breast cancer (Sun et al.,
2001) and dysregulation of AKT signaling appears to be
an important event in mammary carcinogenesis.

Activation of AKT by plasma membrane-associated
ERua has been recently shown to play an important role
in - proliferation, survival, and signal transduction in
MCF-7 cells. E2 activation of AKT and MAPK in
MCF-7 cells by plasma membrane-associated ER« has
been shown to promote increased proliferation (Mar-
quez and Pietras, 2001). Membrane-associated ER« has
been shown to rapidly activate AKT following E2
treatment and thereby protect MCF-7 cells against
proapoptotic stimuli (Razandi et al., 2000; Marquez and
Pietras, 2001; Stocia et al., 2003a). Membrane-asso-
ciated E2 activation of AKT also blocked both taxol-
and UV-irradiation-induced apoptosis in MCF-7 cells
(Razandi et al., 2000). Rapid AKT activation appears to
require ErbB2 activity (Stocia et al., 2003a, b) and may
be G-protein coupled (Razandi et al., 2003b). In MCF-7
cells, E2 binding promotes ERa association with Shc
which is then phosphorylated by Src and activates
MAPK (Song et al., 2002). An ERa construct targeted
to the plasma membrane showed an increased ability to
activate MAPK (Zhang et al., 2002). Taken together,
these observations suggest that activation of AKT
through E2 binding to plasma membrane-associated
ERa may play an important role in E2-related signal
transduction in ER + breast cancer cells.

The potential role of membrane-associated ERa
regulation of AKT activity during Tam-induced apop-
tosis in ER-‘poor’ HMECs has not been studied. In our
in vitro model of acute cellular damage, we tested the
hypothesis that Tam rapidly induces a decrease in
mitochondrial membrane potential (A¥,) and an
increase in caspase-9 and -3 activities by a mechanism
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that involves binding of Tam to plasma membrane-
associated E2-binding sites and subsequent inactivation
of AKT. We show that HMEC-ES6 cells bound E2 on the
cell surface and that this binding was blocked by either
Tam or tamoxifen ethyl bromide (QTam), a membrane
impermeant analog of Tam. Furthermore, both Tam
and QTam induced a rapid decrease in AWy, and rapid
caspase-9 activation. These changes were preceded by
loss of AKT phosphorylation at Ser-473 and followed
by induction of apoptosis. Inhibition of AKT with SH-6
(Kozikowski et al., 2003) mimicked and expression of
constitutively active AKT blocked these events. These
observations demonstrate an important role for plasma
membrane-associated E2-binding sites in modulating
AKT activity and apoptosis in ER-‘poor’ HMECs.

Results

Plasma membrane-association of tamoxifen aziridine
(Taz) and tamoxifen in HMEC-E6 cells

[*H]Taz was found to distribute throughout HMEC-E6
cells (Figure 1). Of the Taz recovered, 43% was found
in the nuclear fraction and 20, 18, 13, and 6% were
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250.000 4
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150.000 4

cpm and cpm/mg

100.000 -

50.000 4

04
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Figure 1 Distribution of [*H]Taz binding (c.p.m.) to HMEC-E6
subcellular fractions and the specific activity (c.p.m./mg protein) of
[PPH]Taz in each fraction. Cells were. preincubated with 6.0um
unlabeled Tam and then incubated with 0.5uM [PH]Taz (Perkin-
Elmer) for another 15min. Next, the cells were washed with ice-
cold PBS, trypsinized, pelleted, and resuspended in ice-cold
homogenization buffer (50mM Tris/10mM sodium pyropho-
sphate/SmM EDTA (pH 7.5), 150 mM NaCl, 1.0mM Na orthova-
nadate, 10mM NaF, 2x Complete protease inhibitor). The
resuspended cells were homogenized at 4°C and the lysate, or
respective supernatants, were centrifuged at 4°C for 10 min at 1000,
3000, and 20000g. The final supernatant was centrifuged for
60 min at 4°C and 100000 g to produce microsomal and cytosolic
fractions (N — nuclei; PM — plasma membrane; ML — mitochon-
dria/lysosome; Ms — microsome; and S — soluble). All pellets were
washed once by resuspending in homogenization buffer and
repelleting. The washed pellets were resuspended in homogeniza-
tion buffer and an aliquot counted. The crude nuclear fraction
(1000 g) was subfractionated into an enriched nuclear fraction and
a plasma membrane fraction by discontinuous sucrose density
gradient centrifugation. The mean of two experiments with s.d. is
shown




found in the soluble, plasma membrane, mitochondrial/
lysosomal, and microsomal fractions, respectively.
The specific activity of Taz binding to the nuclear,
enriched plasma membrane, mitochondrial/lysosomal,
and microsomal fractions was similar, approximately
150000 c.p.m./mg protein. The specific binding to the
soluble fraction was much lower, 15000 c.p.m./mg
protein. The high percentage of Taz binding to the
plasma membrane fraction at a specific activity of
binding similar to subcellular compartments known
to contain Taz-binding proteins was similar to obser-
vations made by Marquez and Pietras (2001) in
Tam-treated MCF-7 cells. Taken together, these ob-
servations raised the possibilities that (1) the plasma
membrane fraction of HMEC-E6 cells contained a
Tam-binding protein and (2) Tam might, in part,
induce apoptosis through a plasma membrane-asso-
ciated binding site.

We tested for (1) the presence of E2-binding sites on
the HMEC-E6 cell surface and (2) the ability of Tam to
compete for potential plasma membrane-associated
E2-binding sites using competitive binding with a
membrane impermeable derivative of E2. Estradiol
conjugated to BSA/fluoroscene isothiocyanate (E2-
BSA/FITC) does not cross the plasma membrane and
has been extensively used to characterize plasma
membrane binding of E2 (Razandi et al., 2000; Marquez
and Pietras, 2001; Segars and Driggers, 2002). Incuba-
tion of HMEC-E6 cells with 0.2uM E2-BSA/FITC
resulted in ligand binding to the cell surface, predomi-
nantly at cell-cell interfaces (Figure 2a). This binding
required the presence of E2 as BSA/FITC did not bind
to HMEC-E6 cells (Figure 2b). Binding of E2-BSA/
FITC to the cell surface of HMEC-E6 cells was blocked
by 0.1um E2 (Figure 2c). However, E2-BSA/FITC
binding was not blocked by 1.0 uM E2-17-hemisucci-
nate-BSA, a ligand that should not interfere with the
specific binding of E2 (Figure 2d). These data clearly
demonstrate the presence of specific binding sites for
E2-BSA/FITC on the plasma membrane surface of
HMEC-ES6 cells.

We next tested whether Tam blocked the binding of
E2-BSA/FITC to HMEC-ES cells. Binding of E2-BSA/
FITC to the cell surface of HMEC-E6 cells was
specifically blocked by 1.0 uM Tam (Figure 2e). These
observations demonstrated that Tam competitively
binds to cell surface-associated E2-binding sites in
HMEC-ES6 cells.

QTam blocks E2-BSA/FITC binding to and promotes
apoptosis in HMEC-E6 cells

We observed that (1) a significant amount of Taz bound
to the plasma membrane fraction of HMEC-E6 cells
and (2) Tam blocked the E2-BSA/FITC binding to the
cell surface. These observations raised the possibility
that Tam might, in part, be inducing apoptosis through
a plasma membrane-associated site. QTam, a quatern-
ary ammonium derivative of Tam, does not cross
the plasma membrane and has been extensively used
to test for plasma membrane-mediated effects of Tam
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b
BSA/FITC

E2-BSA/FITC

c
E2-BSA/FITC + E2 E2-BSA/FITC +

17-hemisuccinate-BSA

E2-BSA/FITC + QTam

E2-BSA/FITC + Tam

Figure 2 Binding of 200 nM E2-BSA/FITC to HMEC-EG6 cells. (a)
E2-BSA alone. (b) 1.0 uM BSA/FITC alone. (c) E2-BSA/FITC with
(0.1 um) E2. (d) E2-BSA/FITC with 1.0 uM E2-17-hemisuccinate-
BSA. (¢) E2-BSA/FITC with 1.0 uM Tam. (f) E2-BSA/FITC with
1.0uM QTam. The HEMC-E6 cells were plated and allowed to
grow for 1 day, fixed for 10min with 1% formaldehyde, washed
with PBS, and incubated with the indicated ligand(s) for 15min.
The cells were then washed two times with ice-cold PBS and
observed with a Nikon TE2000 microscope. Representative images
are shown

(Fernandez et al., 1993; Kirk et al., 1994; Allen et al.,
2000; Dick et al., 2002). Similar to observations with
Tam (Figure 2¢), 1.0uM QTam blocked the binding
of E2-BSA/FITC to the cell surface of HMEC-E6
cells (Figure 2f). These observations demonstrated
that QTam, similar to Tam, competitively binds to
cell surface-associated E2-binding sites on HMEC-E6
cells.

We previously observed that 1.0uM Tam induced
apoptosis in HMEC-E6 cells but promoted growth
arrest alone in HMEC-LX controls (Dietze et al., 2001).
Similar to our observations in Tam-treated HMEC-E6
cells, apoptosis-sensitive HMEC-E6 cells treated with
1.0 uMm QTam for 18 h underwent apoptosis as evidenced
by (1) Annexin V binding and (2) morphologic criteria
demonstrated by electron microscopy (Figure 3a and
data not shown). In contrast, a majority of HMEC-LX
cells treated with 1.0 uM QTam (similar to our prior
observations utilizing Tam) underwent growth arrest
but did not undergo apoptosis (Figure 3 and data
not shown). HMEC-EG6 cells treated with Tam or QTam
had a 690 and 610% increase in the percentage of
apoptotic cells, respectively. However, HMEC-LX cells
demonstrated no change in the percentage of apoptotic
cells.
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Figure 3 Tam and QTam induce apoptosis in HMEC-E6 cells
and caspase-9 and -3 are activated. (a) HMEC-LX vector controls
(passage 10) and HMEC-EG cells (passage 10) treated with either
1.0 uM Tam (TAM) or 1.0 uM QTam (Q-Tam) for 18 h. Untreated
control cells (Control) received an equivalent volume of ethanol.
() Caspase-9 activity in apoptosis-sensitive. HMEC-E6 cells
(passage 11) and HMEC-LX controls (passage 11) treated with
either 1.0 uM Tam (Tam) or QTam (QTam) for 1h. (c) Caspase-3
activity in HMEC-ES cells and HMEC-LX controls (both passage
10) treated with either 1.0 4M Tam (Tam) or 1.0 uM QTam (QTam)
for 18 h. Detection of apoptotic cells was with FITC-conjugated
Annexin V as described in Materials and methods. These data are
representative of three experiments. Cells for caspase assays were
harvested by trypsinization, washed, and pelleted. The pellets were
lysed and assayed according to the manufacturer’s instructions
(Clontech, Caspase 3 assay kit/K2026 and Caspase9/6 assay kit/
K2015). Assays were performed in duplicate. Data are the mean of
three separate experiments with s.d. (**: P <0.025)

QTam promotes mitochondrial membrane depolarization
and activates caspase-9 and -3 in HMEC-E6 cells

Disruption of mitochondrial electron transport is an
early feature of apoptosis. We previously observed that
1.0 uM Tam promoted a decrease in AWy, starting at 1h
in apoptosis-sensitive HMEC-E6 cells but not in
HMEC-LX controls (Dietze et al., 2001). The ability
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of membrane impermeable QTam to induce a decrease
in A¥,, in HMEC-ES cells was tested by rhodamine 123
staining (Johnson et al., 1980).

As previously observed (Dietze et al., 2001), baseline
AY¥,, of apoptosis-sensitive HMEC-E6 cells was 25%
lower than that of HMEC-LX controls (Table 1).
Treatment of HMEC-E6 cells with either Tam or QTam
for 6h resulted in a dose-dependent decrease in A¥y,.
Treatment with 0.1 uM Tam or QTam decreased A¥y,
by 28 and 29%, respectively (P<0.02) (Table 1).
Treatment with 1.0 uM Tam or QTam resulted in a 43
and 58%, respectively, decrease in AY¥, (P<0.01)
(Table 1). When HMEC-LX cells were treated with
either 0.1 or 1.0uM Tam or QTam, there was no
significant change in A¥,, (P>0.05) (Table 1). Mito-
chondrial mass was measured by staining with nonyl-
acridine orange (NAO), a fluorescent dye that specifi-
cally binds to the mitochondrial inner membrane
independent of AWY,, (Boserma et al., 1996). The
mitochondrial mass of apoptosis-sensitive HMEC-E6
cells and HMEC-LX controls was the same as judged by
NAO staining (Table 1). Thus, 1.0 uM QTam, similar to
1.0 uM Tam (Dietze et al., 2001), promoted a decrease in
A¥,, in apoptosis-sensitive HMEC-E6 cells but not in
HMEC-LX controls.

Previously, we also observed that 1.0uM Tam
promoted activation of caspase-9 and -3 in apoptosis-
sensitive HMEC-E6 cells but not in HMEC-LX controls
(Dietze et al., 2001). Caspase-9 and -3 activations were
maximal at 1 and 12-18 h, respectively. Here, we tested
whether equimolar concentrations of Tam or membrane
impermeable QTam similarly activated caspase-9 and -3
in HMEC-ES6 cells at 1 and 18 h, respectively (Figure 3b,
c). Caspase-9 activation was increased by 80 and 230%
(P<0.01) by Tam or QTam treatment, respectively,
relative to untreated controls. Neither 1.0 uM Tam nor
QTam increased caspase-9 activity (P> 0.05) in HMEC-
LX controls.

Caspase-3 activation gave similar results (Figure 3c).
Activity was measured 18h after treatment as above
and was found to be significantly increased (P<0.01)
by 1000 and 670%, respectively, by treatment with
either 1.0uM Tam or QTam. As observed with
caspase-9 activity, caspase-3 activity was not increased

Table 1 Baseline mitochondrial membrane potential (AY,,) is
decreased in HMEC-E6 cells relative to HMEC-LX vector control cells

Treatment E6 LX
NAO 0Oh 1.0uM Tam 1.004+0.05 0.98+0.04
Rhodamine/NAQO 0h 1.0uM Tam 1.004+0.05 1.344+0.04
6h 0.1 uM Tam 0.7240.04 1.4140.06
6h 1.0uM Tam 0.57+0.06 1.36+0.03
6h 0.1 uM QTam 0.71£0.05 1.3240.07
6h 1.0 uM QTam 0.4240.07 1.2840.09

HMEC-E6 cells (passage 11, E6) and HMEC-LX cells (passage 11,
LX) treated with 0.1 or 1.0 uM tamoxifen (Tam) for 0 or 6h. AWy, is
measured by rhodamine 123 staining and normalized to mitochondrial
mass, measured by NAO staining. Fluorescence values are reported
relative to ethanol-treated controls. Reported values represent the-
average of three separate experiments




in HMEC-LX controls after treatment for 18h with
either 1.0 uM Tam or QTam. These observations showed
that 1.0 uM QTam, similar to Tam, activates caspase-3
in apoptosis-sensitive HMEC-E6 cells but not in
HMEC-LX controls.

Tam and QTam reduce AKT phosphorylation at Ser-473
in HMEC-E6 cells

Phosphorylated AKT serves as a cell-survival signal that
modulates mitochondrial depolarization and caspase-9
activation; decreased AKT-phosphorylation at Ser-473
is observed during apoptosis (Brazil and Hemmings,
2001; West et al., 2002). We hypothesized that
membrane-associated effects of Tam might inhibit
AKT activity in apoptosis-sensitive HMEC-E6 cells.
AKT Ser-473 phosphorylation showed a rapid, time-
dependent loss of phosphorylation (P<0.01) when
HMEC-E6 cells were incubated with 1.0uM Tam
(Figure 4a). Ser-473 phosphorylation was tested at 0,
5,15, and 30 min. A 15 and 88% decrease was observed

a LX p10 E6 p10

0 5 1530 0 5 15 30

minutes

Akt-p-ser 473
" - a: actin
b c
LX E6 E8 X
p16 pi0 + pt0 p10 .
-+ -+ 10pMTam 1.0 yM Tam

- Akt-p-ser 473

Akt activity

Total Akt
 actin
.
LX E6
p10 pi0
1.0 uM QTam + +  1.0pM QTam

Akt-p-ser 473

Akt activity
Total Akt

actin

Figure 4 Loss of AKT Ser-473 phosphorylation and AKT
activity were observed in Tam- and QTam-treated HMEC-E6 cells.
(a, b, ¢) Equal amounts of protein lysate were loaded in each lane.
Actin'serves as a loading control. Membranes were incubated with
antibody specific for AKT phosphserine-473 (Akt-p-Ser 473) and
AKT (Total Akt). HMEC-ES6 cells were treated for the indicated
time with (a) 1.0 uM Tam (Tam). (b, d) HMEC-E6 cells were treated
for the 1 h with (b) 1.0 uM Tam (Tam) or (d) 1.0 uM QTam (QTam).
(c, ) AKT was immunoprecipitated from equal amounts of cell
lysate and assayed. Lanes 1 and 6 of panel ¢ show AKT-positive
and -negative controls, respectively. AKT was assayed with a Cell
Signaling Technology AKT assay kit according to the manufac-
turer’s instructions. Bound antibodies were visualized using the
appropriate secondary antibody-AP conjugate (Santa Cruz) and
LumiPhos (Pierce). Luminescence was recorded using a Kodak
Digital Science IS 440 system (Eastman Kodak)
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at 5 and 15min, respectively. At 30min, the relative
degree of phosphorylation was not significantly different
(P>0.1) than at 15min. Identically treated HMEC-LX
cells showed no significant decrease (P>0.1). At base-
line, passage-matched apoptosis-sensitive HMEC-E6
cells and HMEC-LX controls expressed similar levels
of total AKT protein (Figure 4b). Treatment of HMEC-
E6 cells with either 1.0 uM Tam or QTam for 60 min
resulted in a 98 and 90%, respectively, decrease in AKT
phosphorylation at Ser-473 relative to untreated con-
trols (Figure 4b, d). The loss of phosphorylation
observed is similar to that seen after 30 min treatment
with 1.0 umM Tam. AKT activity was similarly decreased
in HMEC-E6 cells treated with 1.0 uM Tam or QTam
by 93 and 91%, respectively (Figure 4c, €). Total
AKT protein levels remained relatively constant and
were not decreased by treatment with Tam or QTam
in HMEC-ES cells (Figure 4b, d). In contrast, treatment
of HMEC-LX controls with either 1.0uM Tam or
QTam had a much smaller decrease in levels of
AKT Ser-473 phosphorylation, 20 and 54%, respec-
tively, or in AKT activity, 0.0 and 8.0%, respectively
(Figure 4b-e).

Inhibition of AKT activity promotes apoptosis and
caspase-91-3 activation in HMEC-E6 cells

As demonstrated above, we observed a temporal
association between Tam/QTam-induced (1) induction
of apoptosis, loss of AW, and caspase-9 and -3
activation and (2) loss of AKT-phosphorylation and
AKT-activity (Figures 3 and 4). To test whether
inhibition of AKT-activity could promote apoptosis
and casapse-9 and -3 activation, apoptosis-sensitive
HMEC-E6 cells were treated with SH-6, a specific
inhibitor of AKT activity (Kozikowski et al., 2003).
Treatment of HMEC-E6 cells with 12 uM SH-6 resulted
in apoptosis as evidenced by Annexin V-binding at 18 h
(Figure 5a). In contrast, an equal volume of DMSO did
not promote apoptosis. Treatment of apoptosis-sensitive
HMEC-E6 cells with SH-6 also resulted in 780 and
1100% activation of caspase-9 at 1h and caspase-3 at
12h (P<0.025), respectively (Figure 5b, c). As expected,
treatment of HMEC-LX controls with SH-6 did not
result in activation of caspase-9 or -3 (data not shown).
Like Tam/QTam treatment, direct inhibition of AKT
activity promotes apoptosis and activation of caspase-9
and -3 in HMEC-E6 cells but not in HMEC-LX
controls.

Constitutively active AKT blocks Tam- and
QTam-induced apoptosis in HMEC-E6 cells

To directly test whether a decrease in AKT activity
was required for Tam- and QTam-induced apoptosis,
constitutively active AKT constructs, AKTI1-myr
and AKTI1-DD, were transduced into HMEC-E6
cells (Figure 6a). The resulting transduced cells
were designated HMEC-Myr/E6 and HMEC-DD/ES6,
respectively. HPV-16 E6 and the empty retroviral
vector LXSN were also simultaneously expressed in
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Figure 5 AKT inhibitor SH-6 promotes apoptosis and activation
of both caspase-9 and -3 activity in HMEC-EG6 cells. (a) Annexin V
binding in HMEC-ES6 cells treated with 12 um SH-6 for 18 h (SH-
6). Detection of apoptotic cells was with FITC-conjugated Annexin
V as described in Materials and methods. Data are representative
of two experiments. (b) Caspase-9 activity in HMEC-E6 cells
(passage 11) treated with either 12 uM SH-6 (SH-6) or 1.0mM Tam
(Tam) for 1h and caspase-3 activity in HMEC-E6 cells (passage 11)
with identical treatment for 12h. Experiments were performed in
duplicate. Data are expressed as the mean of two separate
_ experiments with s.d. (**: P<0.025)
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Figure 6 Constitutively active AKT expression in HMEC-E6 cells
blocks loss of AKT activity on treatment with either Tam or
QTam. (a) Illustration of the selection scheme used to produce the

HMEC double transfectants, (b) Expression of the transfected gene
products in the double transfectants as demonstrated by Western
blotting, and the AKT activity of double transfectants (c) treated
HMECs (HMEC-LX/E6) to ensure that apoptosis with 1.0 uM Tam or (d) treated with 1.0 uM QTam. For expression
sensitivity was not abrogated by retroviral trans- of gene products, cells were harvested, equal amounts of protein
duction or cell selection. All experiments were con- were loaded in each lane, and the proteins separated by SDS-

by . . PAGE. The membrane was sequentially probed with anti-HA,
ducted within three passages of retroviral transduction. anti-Myc myristoylation sequence, anti-HPV16 E6, and anti-p-

Expression of the constitutively active AKT cons- actin antibodies (first two antibodies from Cell Signaling Technol-
tructs and HPV-16 E6 were confirmed by Western ogy, second two antibodies from Santa Cruz). For AKT activity,
analysis using antibodies specific for each construct cells were treated for 1h and harvested by trypsinization. Equal
(Figure 6b) amounts of cell lysate were immunoprecipitated and assayed using

. a Cell Signaling Technology AKT assay kit according to the
HMEC-Myr/E6 and HMEC-DD/E6 cells had sig- manufacturer’s instructions. Lanes 1 and 6 of panel a show AKT-

nificantly (P <0.01) increased AKT activity relative to positive and -negative controls, respectively. Bound antibodies
HMEC-LX/E6 cells (Figure 6c). The modest, but were visualized using the appropriate .secondary _antibody-AP
significant, increase in AKT activity seen in HMEC- conjugate (Santa Cruz) and LumiPhos (Pierce). Luminescence was

LX/Myr and -LX/DD is due to the ability of the LXSN ;zzcéﬁsd using a Kodak Digital Science 15440 system (Eastman

transduction system to stably insert one copy of the
transduced gene into target cells. In untreated cells,
AKT activity was 400% higher in HMEC-Myr/E6 and
300% higher in HMEC-LX/DD cells than HMEC-LX/  blocked Tam- or QTam-induced apoptosis. Similar
E6 cells. As expected, neither 1.0uM Tam or QTam  to results obtained in apoptosis-sensitive HMEC-E6
treatment had a significant (P>0.1) effect on AKT  cells (Figure 3a), Tam and QTam induced apoptosis
activity in either HMEC-LX/Myr or -LX/DD cells in HMEC-LX/E6 cells (Figure 7a). Treatment of
(Figure 6c, d). However, consistent with results obtained =~ HMEC-LX/E6 cells with either 1.0 M Tam or QTam
with HMEC-E6 cells (Figure 4c, e), treatment with  for 18h resulted in a majority of cells undergoing
either Tam or QTam resulted in, respectively, 93 and  apoptosis, 85 and 53%, respectively, compared to 6%
87% decreases (P <0.01) in the AKT activity of HMEC-  in untreated controls. In contrast, when HMEC-
LX/E6 cells. In addition, the expression of AKT was not ~ Myr/E6 or HMEC-DD/ES cells were treated with either
decreased by treatment with either Tam (data not 1.0uM Tam or QTam, there was no significant
shown) or QTam for 1h (Figure 6¢). difference (P>0.05) in the number of apoptotic cells,
Annexin V binding was utilized to test whether 13-18%, when compared to untreated controls, 5-8%
constitutive activation of AKT in HMEC-E6 cells  (Figure 7a).
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Figure 7 Tam- and QTam-induced apoptosis and caspase-9 and -3 activation in HMEC-LX/E6 cells but not in HMEC-Myr/E6 or
-DD/ES cells. (a) HMEC-LX/E6 controls (passage 11), HMEC-Myr/E6 cells (passage 11), and HMEC-DD/E6 cells (passage 11)
treated with either 1.0 M Tam (Tam) or 1.0 M QTam (Q-Tam) for 18h. Untreated control cells (Control) received an equivalent
volume of ethanol. (b) Caspase-9 activity in apoptosis-sensitive HMEC-LX/EG6 cells (passage 12) and apoptosis-insensitive HMEC-
Myr/E6 and -DD/ES cells (both passage 12) treated with either 1.0 uM Tam (Tam) or QTam (QTam) for 1h. (¢) Caspase-3 activity in
apoptosis-sensitive HMEC-LX/E6 cells (passage 12) and apoptosis-insensitive HMEC-Myr/E6 and —DD/E6 cells (both passage 12)
treated with either 1.0uM Tam (Tam) or 1.0uM QTam (QTam) for 12h. Detection of apoptotic cells was with FITC-conjugated
Annexin V as described in Materials and methods. These data are representative of three experiments. Cells for caspase assays were
harvested by trypsinization, washed, and pelleted. The pellets were lysed and assayed according to the manufacturer’s instructions
(Clontech, Caspase 3 assay kit/K2026 and Caspase9/6 assay kit/K2015). Assays were performed in duplicate. Data are the mean of
three separate experiments with s.d. (**: P<0.025)
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Constitutively active AKT blocks Tam- and
QTam-induced mitochondrial membrane depolarization
and activation of caspase-9 and -3 in HMEC-EG6 cells

Expression of the constitutively active AKT-Myr and
AKT-DD constructs in HMEC-E6 cells blocked the
ability of 1.0 uM Tam or QTam to decrease AWy, A%y,
remained unchanged in HMEC-Myr/E6 and HMEC-
DDJ/ES6 cells after treatment for 1 or 3 h with either Tam
or QTam (P> 0.05) (Table 2b, c). However, apoptosis-
sensitive HMEC-LX/E6 cells showed a 20 and a 30%
decrease in AW, when treated with 1.0uM Tam or
QTam, respectively (Table 2b, c¢). The mitochondrial
mass was similar in each untreated cell type (Table 2a).
Interestingly, HMEC-Myr/E6 and HMEC-DD/EG6 cells
had 51 and 30% higher baseline levels of AW,
respectively, than HMEC-LX/E6 cells.

Expression of the constitutively active AKT-Myr and
AKT-DD constructs in HMEC-EG6 cells also blocked the
ability of Tam and QTam to activate caspase-9.
Apoptosis-resistant HMEC-Myr/E6 and HMEC-DD/
E6 cells treated with either 1.0 uM Tam or QTam for 1 h
exhibited only a slight increase (81-94 and 11-24%,
respectively, P>0.05) in caspase-9 activation
(Figure 7b). This was in marked contrast to HMEC-
LX/E6 cells that, similar to HMEC-E6 cells, exhibited a
significant increase (P<0.01) in caspase-9 activation
after treatment with either Tam or QTam, 210 and
120%, respectively. As expected, treated HMEC-Myr/
LX and HMEC-DD/LX controls did not exhibit an
increase in caspase-9 activation. Baseline caspase-9
activity was significantly (P<0.01) lower in control
HMEC-Myr/E6 and HMEC-DD/E6 cells when com-
pared to control HMEC-LX/E6 cells (Figure 7b).

Similar to results obtained for caspase-9, expression
of the constitutively active AKT-Myr and AKT-DD
constructs in HMEC-E6 cells blocked the ability of Tam

and QTam to activate caspase-3. Apoptosis-resistant
HMEC-Myt/E6 and HMEC-DD/EG6 cells treated with
either 1.0uM Tam or QTam for 12h exhibited no
significant change (P>0.05) in caspase-3 activation
(Figure 7¢). In contrast, HMEC-LX/E6 cells, similar
to HMEC-E6 cells, exhibited a significant increase in
caspase-3 activation after treatment with either 1.0 uM
Tam or QTam, 480 and 280%, respectively. As
expected, Tam and QTam treated HMEC-Myr/LX
and HMEC-DD/LX controls did not exhibit a signifi-
cant (P>0.05) increase in caspase-3 activation. Unlike
results obtained for caspase-9, baseline caspase-3
activity was similar in HMEC-Myr/E6, HMEC-DD/
E6, and HMEC-LX/E6 cells (Figure 7c).

Discussion

The ‘classic’ or genomic mechanism of tamoxifen action
requires the presence of ER and changes in both
transcription and translation due to alteration(s) in
promoter site occupancy. The interaction between Tam
and nuclear ER has been well characterized (O’Regan
and Jordan, 2002). However, there is evidence that E2,
and perhaps antiestrogens, act through rapid, nonge-
nomic signaling pathways that are initiated by ligand
binding to plasma membrane-associated E2-binding
sites (Marquez and Pietras, 2001; Pietras et al., 2001;
Behl, 2002; Ho and Liao, 2002; Koustni et al., 2002;
Levin, 2002; Ropero et al., 2002; Segars and Driggers,
2002; Doolan and Harvey, 2003; Li et al., 2003). Both
E2 and Tam have been found to have specific binding
sites on the plasma membrane. While there have been
many reports of plasma membrane ER, there have been
few reports of plasma membrane mediated effects of
Tam in normal breast cells or breast cancer cell lines
(Kirk et al., 1994).

Table 2 Baseline mitochondrial membrane potential (A¥y,) is decreased in HMEC-Myr/E6 and -DD/E6 cells relative to HMEC-LX/ES6, -Myr/

LX, and -DD/LX control cells. (a) Baseline mitochondrial mass (NAO), potential (Rhodamine), and normalized potential (Rhodamine/NAO).

(b) HMECs treated with 1.0 uM Tam for 1 or 3 h. () HMECs treated with 1.0 uM QTam for 1 or 3h. A¥,, is measured by rhodamine 123 staining
and normalized to mitochondrial mass, measured by NAO staining

LX LX/E6 Myr/LX DD/LX Myr|E6 DD|E6
@
NAO 0.7140.07 0.711+0.05 0.75+0.07 0.69+0.07 0.6110.07 0.7240.03
Rhodamine 0.88+0.05 0.76 +0.04 0.98+0.06 1.01+0.06 0.851+0.06 0.8740.09
Rhod/NAO 1.2340.07 0.9240.05 1.3040.06 1.46+0.06 1.3940.06 1.204+0.09
(b)
Treatment LX/E6 Myr|LX DD/LX Myr|E6 DD/E6
Rhod/NAO 0h TAM 1.00+0.05 1.83+0.06 1.98+0.06 1.76 £ 0.06 2.23+0.09
1h TAM 0.8340.04 1.78+0.03 2.11+0.05 1.69+0.07 2.3940.07
3h TAM 0.80+0.03 1.79+0.04 1.9340.05 1.75+0.06 2.27+0.08
©
Treatment LX/E6 Myr{LX DD/LX Myr|E6 DD/E6
Rhod/NAO 0h QTam 1.00+0.09 1.21+0.10 1.2440.07 1.371+0.07 1.26+0.05
1h QTam 0.69+0.07 1.32+0.08 1.19+0.05 1.354+0.08 1.32+0.05
3h QTam 0.704-0.06 1.324+0.05 1.23+£0.09 1.3740.05 1.3240.09

Fluorescence values are reported relative to ethanol-treated controls. Reported values represent the average of three separate experiments
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The molecular mechanism(s) of Tam action in ER-
‘poor’ HMEC: is not well characterized. We previously
developed an in vitro model of early mammary
carcinogenesis and acute cellular damage of ER-‘poor’
HMECs. In this system, acute cellular damage was
modeled by transduction with a retroviral vector coding
for the HPV-16 E6 protein. We observed that Tam-
treated HMEC-E6 cells rapidly underwent apoptosis,
while HMEC-LX vector controls underwent growth
arrest alone (Dietze et al., 2001). Tam-induced apoptosis
in HMEC-ES cells was associated with a rapid decrease
in A¥,, followed by sequential activation of caspase-9
and -3 (Dietze et al., 2001). The rapidity of Tam’s action
in HMEC-E6 cells raised the possibility that Tam might
act through a ‘nonclassic’, plasma membrane-associated
signaling pathway.

Here, we provide evidence for (1) the presence of
plasma membrane-associated E2-binding sites, (2) Tam
initiation of apoptosis in HMEC-E6 cells by binding to
plasma membrane-associated sites, and (3) the associa-
tion of apoptosis with decreased AKT activity and Ser-
473 phosphorylation. Initial experiments demonstrated
that (1) Taz was enriched in a plasma membrane
fraction prepared from Taz-treated HMEC-E6 cells
(Figure 1) and (2) incubation of HMEC-E6 cells with
0.2 uM E2-BSA/FITC resulted in specific binding to the
cell surface that was blocked by coincubation with
0.1uM E2 (Figure 2c) but not by 1.0umM E2-17-
hemisuccinate-BSA (Figure 2d). These observations
suggested the presence of plasma membrane-associated
binding sites in HMEC-EG cells for both Tam and E2.
QTam (1) is a quaternized derivative of Tam which does
not cross the plasma membrane (Fernandez et al., 1993;
Kirk et al., 1994; Allen et al., 2000; Dick et al., 2002), (2)
has similar binding characteristics to Tam (Jarman et al.,
1986; Allen et al., 2000), and (3) like Tam, rapidly
induced apoptosis in HMEC-E6 cells associated with
mitochondrial membrane depolarization and caspase-
9/-3 activation (Figure 3 and Table 1). Binding of
E2-BSA/FITC to the plasma membrane surface of
HMEC-ES6 cells was specifically blocked by either 1.0 uM
Tam or QTam (Figure 2e, f). These observations demons-
trated that Tam and QTam competitively bound to cell
surface-associated E2-binding sites on HMEC-E6 cells.

Phosphorylation of Thr-308 and Ser-473 activate
AKT and serve as a cell-survival signal. Loss of AKT
phosphorylation at Ser-473 is observed during apoptosis
(Brazil and Hemmings, 2001; West et al., 2002).
Recently, plasma membrane-associated sites for E2
have been shown to modulate AKT activity and
signaling (Marquez and Pietras, 2001). Here, we provide
evidence that membrane-associated effects of Tam
decrease AKT activity and promote apoptosis in
HMEC-E6 cells. Tam treatment of HMEC-E6 cells,
but not HMEC-LX cells, resulted in a rapid, time-
dependent loss of Ser-473 phosphorylation (Figure 4a).
Loss of Ser-473 phosphorylation was complete at
approximately 15 min. Treatment of apoptosis-sensitive
HMEC-E6 cells with either 1.0uM Tam or QTam
resulted in (1) a decrease in AKT Ser-473 phosphoryla-
tion and AKT activity at 1h (Figure 4b—) and (2)

Quaternary tamoxifen inhibits AKT
EC Dietze et al

biochemical and morphologic evidence of effector-phase
apoptosis at 18 h (Figure 3 and data not shown).

SH-6 is a recently described specific inhibitor of AKT
(Kozikowski et al., 2003). AKT activity is blocked
without inhibition of PI3K or PDK1. HMEC-E6 cells
treated with SH-6 demonstrated both increased caspase-
9 and -3 activities and apoptosis (Figure 5). This
demonstrated that direct inhibition of AKT had the
same effects on HMEC-E6 cells as treatment with either
Tam or QTam. We next explored whether or not
constitutively active AKT constructs were able to block
Tam- or QTam-induced decrease in A¥,,, activation of
caspase-9 and -3, and apoptosis.

Two constitutively active AKT constructs were used
to test whether active AKT blocked Tam- and QTam-
induced apoptosis in HMEC-E6 cells (Figure 6). The
first construct incorporates the Myc myristoylation
sequence into AKT1 (AKT-Myr). The expressed protein
is inserted into the plasma membrane and, as a result,
resides in proximity to activator kinases, which by mass
action phosphorylate and activate AKT without the
need of elevated PI3K activity. The second construct,
AKT308D/S473D (AKT-DD), was generated by mutat-
ing the wild-type AKT phosphorylation sites Thr-308
and Ser-473 to Asp (Hutchinson ez al., 2001). Expres-
sion of either AKT-Myr or AKT-DD in HMEC-E6 cells
blocked the ability of Tam and QTam to induce
apoptosis (Figure 7a). HMEC-Myr/E6 or HMEC-DD/
E6 cells treated with either 1.0 uM Tam or QTam did not
exhibit (1) a decrease in AWy, (Table 2b) or (2) increased
caspase-9/-3 activation (Figure 7b, c). Thus, both AKT-
Myr and -DD were able to block the effects of either
1.0 uM Tam or QTam in apoptosis-sensitive HMEC-E6
cells.

Unexpectedly, HMEC-E6 and -LX/E6 cells showed a
decrease in AW, and elevated caspase-9 activity without
an accompanying increase in caspase-3 activity when
compared to HMEC-LX cells (Tables 1 and 2; Figures
3b, ¢ and 7b, ¢). The decrease in A¥,, was blocked by
the expression of either of the constitutively active AKT
constructs (Table 2). Increased caspase-9 activity was
also blocked (Figure 7b). Thus, there appears to be an
increase in the basal level of mitochondrial depolariza-
tion and caspase-9 activation in HMECs expressing E6
that is blocked by constitutively active AKT.

Taken together, these data indicate that Tam-induced
apoptosis in HMEC-E6 cells is mediated through a
plasma membrane-associated site and subsequent rapid
inhibition of AKT activity. Tam did not directly inhibit
AKT since QTam had the same effect on AKT. The
results also indicate that a second, nongenomic pathway
exists by which Tam might act as a chemoprevention/
chemotherapeutic agent in breast cancer, possibly in
ER-‘poor’ mammary epithelial cells. Membrane-bound
ER has been shown to activate AKT when MCF-7 cells
were stimulated with E2 (Marquez and Pietras, 2001;
Razandi et al., 2003b). However, we have previously
shown that while Tam induced apoptosis in this system
but 4-hydroxyTam did not (Dietze et al., 2001). 4-
HydroxyTam binds ER with higher affinity than Tam
and would also be expected to induce apoptosis
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mediated by ER binding. Thus, this AKT inhibition
pathway may involve ER localized to the plasma
membrane or an as yet uncharacterized receptor. We
are now determining the properties of the receptor
involved as well as the mechanism by which Tam or
QTam inhibit AKT activity by binding a plasma
membrane-associated receptor.

Materials and methods

Materials

All chemicals were obtained from Sigma-Aldrich (St Louis,
MO, USA), DNA primers from GibcoBRL (Bethesda, MD,
USA), and cell culture plasticware from Corning (Corning,
NY, USA) unless otherwise noted. A 1.0mM Tam stock
solution was prepared in ethanol and stored in opaque tubes at
—70°C. Tam was only used under reduced yellow lighting.
AKT inhibitor SH-6 was obtained from CalBiochem (San
Diego, CA, USA). Complete protease inhibitor was obtained
from Roche (Indianapolis, IN, USA).

QTam was synthesized according to established methods
(Allen et al., 2000) and stored desiccated in amber vials at
—20°C. Tam and QTam were resolved with a 25cm x 2.1 mm
ID pkbl00 column (Supelco, Bellefonte, PA, USA). The
mobile phase was 40% aqueous 0.05% trifluoroacetic acid
(TFA) and 60% aqueous 95% acetonitrile with 0.05% TFA.
The flow rate was 1.0ml/min and each run was 15min with

Smin between injections. The column effluent was monitored

at 280 nm and the retention time of Tam and QTam were 4.3
and 4.8 min, respectively. QTam was >95% pure by reverse
phase HPLC. The high-resolution FAB-MS and ['HINMR
spectra were consistent with reported values (data not shown).

Construction of retroviral vectors

Two retroviral vectors containing the coding sequences for
constitutively active AKT were generated. The pAktl-Myr
plasmid (Upstate Biotechnology, Lake Placid, New York,
USA) was digested with Tsp509I; the AKT308D/S473D
(AKT-DD) plasmid (generous gift of J Woodgett) was
digested with Xhol and EcoR1 (Hutchinson et al., 2001). The
released inserts were inserted into the cloning site of the LXSN
retrovirus as previously described (Seewaldt et al., 1995;
Seewaldt ef al., 1997b). Correct orientation and sequence were
verified by direct sequencing. Transducing virions were derived
as previously described (Seewaldt ef al., 1995).

Cell culture conditions and retroviral transduction

Cell culture Normal HMEC strain AG11132 (M Stampfer
#172R/AAT) was purchased from the National Institute of
Aging, Cell Culture Repository (Coriell Institute, Camden, NJ,
USA; Stampfer, 1985). HMEC strain AG11132 was estab-
lished from normal tissue obtained at reduction mammoplasty,
had a limited life span in culture, and failed to divide after
approximately 20-25 passages. HMECs exhibit a low level of
ER staining characteristic of normal mammary epithelial cells.
HMECs were grown and mycoplasma testing was performed
as previously reported (Seewaldt et al., 1997a, 1999b).

Single construct transduction The LXSNI6E6 retroviral
vector containing the HPV-16 E6 coding sequence was
provided by D Galloway (Fred Hutchinson Cancer Research
Center, Seattle, WA, USA) (Demers et al., 1996). HMECs
were transduced with PA317-LXSN16E6 and PA317-LXSN

Oncogene

and selected as described (Seewaldt er al., 1995). Transduced
HMECs expressing the HPV-16 E6 construct were designated
HMEC-E6 and vector control clones were designated HMEC-
LXSN. All cells were maintained in the absence of G418
selection to minimize exposure to G418. All experiments were
performed on mass cultures.

Double retroviral transductions Expression and selection of
two retroviral constructs are adapted from previously pub-
lished methods (Seewaldt et al., 2001b). Construction of
retroviral vectors containing either the coding sequences for
AKTI1-Myr or AKT-DD was as described (Seewaldt et al.,
1995). Transducing virions from either PA317-AKT-Myr or
PA317-AKT-DD or the control PA317-LXSN (without insert)
and PA317-LXSHES6 or PA317-LXSH were used for the first
and second rounds of transduction, respectively (Figure 6a).
At the completion of selection, all cells were removed from
selection and used within three passages of the second
transduction. Double transduced HMECs expressing the (1)
LXSN/LXSH constructs were designated HMEC-LX/LX, (2)
LXSN/HPV-16E6 constructs were designated HMEC-LX/ES6,
(3) LAKT-MyrSN/LXSH constructs were designated HMEC-
Myr/LX, and (4) LAKT-MyrSN/HPV-16E6 constructs were
designated HMEC-Myr/E6. Cells expressing the AKT-DD
construct were designated either HMEC-DD/LX or HMEC-
DD/E6.

Plasma membrane association of Tam and E2-BSAIFITC

Acutely transduced HMEC-E6s were plated in phenol-red-free
media on glass Petri dishes. The cells were grown to 50%
confluency and preincubated with 6.0 uM unlabeled Tam at
37°C for 10min. After addition of 0.5uM [PH]Taz (B
Katzenellenbogen, University of Illinois, Urbana, IL, USA),
the incubation was continued for another 15min. Next, the
cells were washed with ice-cold PBS, trypsinized, pelleted, and
resuspended in ice-cold homogenization buffer (S0mM Tris/
10mM sodium pyrophosphate/5mM EDTA (pH 7.5), 150 mM
NaCl, 1.0mM Na orthovanadate, 10 mM NaF, 2 x Complete
protease inhibitor). The resuspended cells were homogenized
at 4°C with a Dounce homogenizer and the lysate, or
respective supernatants, were centrifuged at 4°C for 10 min
at 1000, 3000, and 20000g. The final supernatant was
centrifuged for 60min at 4°C and 100000g to produce
microsomal and cytosolic fractions. All pellets were washed
once by resuspending in homogenization buffer and repellet-
ing. The washed pellets were resuspended in homogenization
buffer, Sul of each fraction was counted in a scintillation
counter, and the remainder was stored at —70°C. The
crude nuclear fraction (1000g) was subfractionated into
an enriched nuclear fraction and a plasma membrane fraction
by discontinuous sucrose density gradient centrifugation
(Marquez and Pietras, 2001). The resulting fractions were
assayed for the presence of DNA, 5’-nucleotidase activity, and
LDH activity (Marquez and Pietras, 2001).

For binding of E2-BSA/FITC, cells were seeded in glass-
bottomed microwell plates (MatTek, Ashland, MA, USA) at
low density and allowed to attach for 1 day. The cells were
fixed for 10min in 1% formaldehyde in PBS at room
temperature and then incubated for 15min in room tempera-
ture PBS containing 10uM BSA/FITC (Molecular Probes,
Eugené, OR, USA), 0.2 uM E2-BSA/FITC, or 0.2 uM E2-BSA/
FITC in the presence of either (1) 0.1 uM E2, (2) 1.0 uM Tam,
1.0uM QTam, or (3) 1.0uM E2-17-hemisuccinate-BSA as
competitors. The cells were then washed rapidly twice with ice-
cold PBS and observed at room temperature with a Nikon
TE2000 fluorescence microscope (Nikon USA, Melville, NY,




USA) coupled to a Photometrics cooled CCD camera (Roper
Scientific, Trenton, NJ, USA), using Metamorph software
(Universal Imaging, Downingtown, PA, USA) and the
preprogrammed settings for FITC.

SDS-PAGE and Western analysis

Three T-75 flasks of each cell type were grown to 50%
confluency, treated for 1h with 1.0uM Tam, harvested as
previously described (Seewaldt ez al., 2001b), resuspended in
immunoprecipitation buffer (homogenization buffer with
1.0% Triton X-100, 0.1mM PMSF, 0.1mM TLCK, 0.1 mM
TPCK, 1 pug/ml pepstatin, 1 ug/ml leupeptin, 15 ug/ml calpain
inhibitor I, 1 ug/ml aprotinin, 50 ug/ml bestain), aliquoted, and
stored at —70°C until use. The lysate was separated by 10%
SDS-PAGE and transferred to a PVDF membrane that was
blocked overnight with 10% BSA (w/v) dissolved in Tris-
buffered saline with 0.1% Tween-20 (TTBS). The blocked
membrane was incubated with antibodies directed against
AKT (#9272, Cell Signaling Technology, Beverly, MA, USA),
AKT phosphoserine-473 (#9271, Cell Signaling Technology),
or actin (sc-1616, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) in TTBS. To detect protein expression of the AKT-DD
and AKT-Myr, the blocked membrane was incubated with
anti-HA tag antibody (#2362, Cell Signaling Technology) and
anti-Myc tag antibody (#2276, Cell Signaling Technology),
respectively. Anti-HPV16 E6 antibody was used to detect
HPV16 E6 protein (Santa Cruz, sc-1583). The membrane was
washed in TTBS, incubated with a 1:6000 dilution of the
appropriate secondary antibody conjugated to alkaline phos-
phatase (Santa Cruz Biotechnology), washed, and developed
with LumiPhos WB (Pierce Chemical, Rockford, IL, USA).
The image was digitized with a Kodak Digital Science IS 440
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Abstract

Unlike estrogen receptor-positive (ER+) breast cancers, normal human mammary epithelial cells
(HMECs) typically express low nuclear levels of ER (ER-“poor”). We previously demonstrated
that 1.0 uM tamoxifen (Tam) promotes apoptosis in acutely damaged ER-“poor” HMECs
through a rapid, “non-classic” signaling pathway (Dietze et al., 2001; Dietze et al., 2004). IRF-
1, a target of STAT] transcriptional regulation, has been shown to promote apoptosis following
DNA damage. Here we show that 1.0 uM Tam promotes apoptosis in acutely damaged ER-
“poor” HMECs through IRF-1 induction and caspase-1/3 activation. Treatment of acutely
damaged HMEC-E6 cells with 1.0 uM Tam resulted in recruitment of CBP to the GAS element
of the IRF-1 promotef, induction of IRF-1, and sequential activation of caspases-1 and -3. The
effects of Tam were blocked by expression of siRNA directed against IRF-1 and caspase-1
inhibitors. These data indicate that Tam induces apoptosis in HMEC-EG6 cells through a novel

IRF-1-mediated signaling pathway that results in activated caspases-1 and -3.




Introduction

The “classic” or genomic mechanism of beta-estradiol (E2) action requires the presence of the
estrogen receptor (ER), the E2/ER complex binding to an ERE, and changes in both transcription
and translation. However, recent evidence suggests that estrogen and perhaps anti-estrogens
may also act through rapid, “non-classic” signaling pathways in mammary epithelial cells (Kelly
and Levin, 2001). Tamoxifen (Tam) is an ER agonist/antagonist that has been characterized as
an inhibitor of the classic E2 pathway. The Breast Cancer Prevention Trial demonstrated a
decreased incidence of in situ and ER(+) breast cancer in the high risk participants who were
prescribed Tam for five years (Fisher et al., 1998). However, the mblecular mechanism of Tam
action in normal breast tissue is poorly understood. Normal human mammary epithelial cells
(HMECs), unlike estrogen receptor-positive (ER(+)) breast cancers, typically express low
nuclear levels of estrogen receptor (ER-“poor”) (Anderson et al., 1998). As a result, it is
uncertain whether Tam is able to target the elimination of acutely damaged, ER-“poor” cells or
whether Tam’s action is restricted to mammary epithelial cells that express high levels of ER.
We have previously shown that 1.0 uM Tam rapidly promotes apoptosis in acutely damaged,
ER-“poor” HMECs but only induces growth arrest in HMEC controls (Dietze et al., 2001;
Seewaldt et al., 2001). Here we further investigated the molecular mechanism of Tam-induced
apoptosis in acutely damaged HMECs. Acute cellular damage was modeled via expression of
the human papilloma virus E6 protein (E6) which results in dysregulation of multiple signaling
pathways crucial for cellular homeostasis. E6 protein affects these pathways by interacting with
proteins such as p53, p300/CBP, Bak, IRF-3, and paxillin and provides a convenient model of

acute cellular damage (Mantovani and Banks, 2001).




Interferons (IFNs) are a family of cytokines that have multiple biological effects including
immunodulatory, anti-viral, anti-proliferative, antigen modulation, cell differentiation, and
apoptotic effects (Chawla-Sarkar et al., 2003; Pestka et al., 1987; Stark et al., 1998). Upon
secretion from cells, interferons bind to specific cell membrane receptors and activate the JAK-
STAT pathway, which results in up-regulation of interferon-stimulated genes (ISGs) (Darnell et
al., 1994; Stark et al., 1998). Many of the biological effecfs from interferons are mediated by

these ISGs.

IFNs have also been shown to enhance the growth inhibitory actions of tamoxifen (Coradini et
al., 1997; Gibson et al., 1993; Iacopino ef al., 1997). In studies by Lindner et al., treatment with
Tam (1.0 pM) and IFN-beta (100 TU/ml) resulted in growth inhibition in both ER(+) and ER(-)
breast cancer cell lines. In ER(-) cell lines, Tam in combination with IFN-beta treatment was
significantly more effective in inhibiting cell growth than Tam alone. In addition, in MCF-7
cells resistant to IFN-beta treatment pre-incubation with Tam followed by IFN-beta treatment,
resulted in growth inhibition and up-regulation of the ISGs 2’-5’-oligoadenylate synthetase,
PKR, and interferon-induced protein 56 (IFI56). Furthermore, in vivo studies_using nude mice
with established 6-week-old MCF-7 (ER(+)) and OVCAR-3 (ER(-)) breast tumors showed tumor
regression only with combined Tam/IFN therapy (Lindner and Borden; 1997; Lindner et al.,
1997). This synergistic cytotoxicity, combined with the observed induction of interferon genes
in IFN resistant cells, suggests possible cross-talk between the two pathways. Cross-talk with
the IFN pathway has also been shown with other steroid/thyroid and death receptor modulators

including retinoic acid (Kolla et al., 1996) and TRAIL/APO-2L (Kumar-Sinha et al., 2002).




ISGs exert their effects in many different ways, including promoting apoptosis. Signal
transducer and activator of transcription-1 (STAT1) is activated upon interferon ligand binding
to its receptor, and acts either in a complex with STAT2/p48 (ISGF3), or as a homodimer, to
induce transcription of ISGs (Horvath, 2000). Interferon regulatory factor-1 (IRF-1) is a target
of STATI transcriptional regulation (Pine ef al., 1994). IRF-1 itself transcriptionally regulates
additional ISGs and has been shown to promote apoptosis following DNA damage (Henderson et
al., 1997; Tamura et al., 1995; Tanaka et al., 1994). Specifically, IRF-1 promotes apoptosis
associated with caspase-1 activation (Romeo et al., 2002; Tamura et al., 1995). More recently,
IRF-1 has been shown to be a tumor suppressor and critical for mammary gland involution
(Hoshiya et al., 2003; Kim ef al., 2004;’ Nozawa et al., 1999; Yim et al., 1997). Studies have
also shown that IRF-1 expression is lowered or the gene is mutated in multiple cancers,

including breast cancer (Doherty et al., 2001; Tzoanopoulos ef al., 2002).

CREB-binding protein (CBP) has been shown to be a critical co-activator in IFN signaling
(Horvai et al., 1997, Merika et al., 1998). CBP, located at chromosome band 16p13.3, isa
transcriptional cofactor that regulates proliferation; differentiation, and apoptosis (Giles et al.,
1997b; Yao et al., 1998). Chromosomal loss at 16p13 has been reported to occur in a majority of
benign and malignant papillafy neoplasms of the breast and loss or amplification of 16p is
frequently observed in premalignant breast lesions (Aubele ef al., 2000; Lininger ef al., 1998;
Tsuda ef al., 1998). CBP acts as a key integrator of diverse signaling pathways including those
regulated by retinoids, p53, and estrogen, aﬁd has been hypothesized to play a role in BRCAI-
mediated DNA repair (Kawasaki et al., 1998;¢Robyr et al., 2000). CBP levels are tightly

controlled and CBP is thought to be present in limiting amounts. It has been theorized that the
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many transcription factors requiring CBP compete for its binding (Giles et al., 1997a; Kawasaki
et al., 1998; Robyr et al., 2000; Yao et al., 1998). Recent evidence indicates that CBP activity is

also regulated by both phosphorylation and expression (Guo et al., 2001).

In this study, we aimed to identify potential mediators of Tam-induced apoptosis in acutely
damaged HMEC apoptosis-sensitive cells expressing E6. Here we show that Tam promotes
apoptosis in acutely damaged HMEC-E6 cells through IRF-1 induction and caspase-1 activation.
These results provide evidence for a novel role for IRG-signaling in targeting the elimination of

acutely damaged HMECs.




Results

c¢DNA microarray analysis of Tam-induced gene transcripts

To investigate the molecular mechanism of Tam-induced apoptosis, we analyzed the expression
profiles of acutely damaged HMEC-E6 cells and passage matched HMEC-LX controls treated
with or without 1.0 uM Tam for 6 hr. Analysis was performed using Hu6800 cDNA microarrays
(Affymetrix™). As shown in Table 2, twenty interferon-stimulated genes (ISGs) were
significantly up-regulated in Tam-treated HMEC-E6 cells but not in HMEC-LX controls. The
up-regulated genes included interferon induced (IFI) 9-27, IRF-1, ISGLS5, ISG-54, MX-A,
interferon gamma inducible protein 16, STAT1 alpha, STATI beta, IFI 6-16, and ISGI12.
Differential expression was confirmed by semi-quantitative RT-PCR in triplicate, and
normalized to beta-actin (Figure 1). Based on these observations, we hypothesized that ISGs
may 1) participate in or 2) be a marker for Tam-induced apoptosis in acutely damaged HMEC-

E6 cells.

Interferon-alpha, -beta, and -gamma are not induced by Tam-treatment

The subset of interferon-stimulated genes induced by 1.0 pM Tam are only a few of the more
than 300 genes shown to be up-regulated by Type I (IFN-aand IFN-B) and Type II (IFN-y)
Interferons (de Veer et al., 2001; Der et al., 1998). Our differential gene expression data
indicated that interferon transcripts -a, -B, and -y were not induced by 6 hr Tam treatment (data
not shown). ELISA assays were performed in Tam-treated HMECs to test whether interferons
were released following Tam treatment. Passage matched apoptosis-sensitive HMEC-E6 cells
and HMEC-LX controls were treated with 1.0 uM Tam for 24 hr. Release of IFN-q, -B, and -y

was not detected following Tam treatment (data not shown). These data show that Tam




promotes apoptosis and ISG induction in HMEC-E6 cells in the absence of INF-o, -, and -y

induction or release.

IRF-1 is induced by Tam

IRF-1 is a transcriptional regulator that has been shown to promote apoptosis following DNA
damage and is critical for mammary gland involution (Hoshiya et al., 2003; Kroger ef al., 2002).
Differential gene expression studies demonstrated that IRF-1 mRNA was induced by Tam in
acutely damaged HMEC-E6 cells at 6 hr. Semi-quantitative RT-PCR and western analysis were
performed to determine the kinetics of IRF-1 mRNA and protein induction. We observed that
IRF-1 mRNA and protein were induced by 1.0 uM Tam in acutely damaged HMEC-E6 cells but
not in HMEC-LX controls. IRF-1 mRNA induction in HMEC-E6 cells was first observed at 30
min (5.1-fold, p-value < 0.01) and was maximaIly induced at 3 hr (8.8-fdld, p-value < 0.0001)
(Figure 2a, b). IRF-1 protein induction was first observed at 30 min (1.5-fold, p-value < 0.025)
and was maximally induced at 3 hr (2.3-fold, p-value < 0.001) (Figure 2c, d). These
observations demonstrate that IRF-1 mRNA and protein are induced by Tam in acutely damaged

HMEC-E6 cells starting at 30 min.

Tam promotes recruitment of CBP to the ICS2/GAS element of the IRF-1 promoter

Chromatin immunopreciptiation (ChIP) and immunoprecipitation studies were performed to
identify co-activators that might participate in IRF-1 mRNA induction in apoptosis-sensitive
HMEC-ES6 cells. CBP is a known regulator of apoptosis and a co-activator for steroid/thyroid-
and Type II interferon signaling (Hiroi and Ohmori, 2003; Horvai ef al., 1997). STATI is a

transcriptional regulator of IRF-1 and has been shown to interact with CBP through the 1)




CREB-binding domain and 2) CH3 domain (Zhang et al., 1996). Recently, an IFN-inducible
gamma-interferon-activated sequence (GAS) element was identified in the JRF-I promoter that
serves to activate IRF-1 transcription (Harada et al., 1994; Sims et al., 1993). Using ChIP and
immunoprecipitation studies, we tested whether Tam treatment of HMEC-E6 cells may promote
1) CBP or STAT1 recruitment to this /RF-1 promoter GAS element and 2) induction of IRF-1
mRNA expression at 0, 2, and 6 hr. We observed that STAT1 was constitutively associated with
the GAS element of the IRF-1 promoter in HMEC-EG6 cells and Tam treatment did not alter this
association (Figure 3a). In contrast, CBP was recruited to the JRF-I promoter 2 hr following
treatment of HMEC-E6 cells with 1.0 uM Tam (Figure 3a). Neither S'fATl nor CBP were
recruited to the GAS element of the IRF-1 promoter in HMEC-LX controls with Tam treatment
(data not shown). The observation that STAT1 was constitutively bound to the IRF-1 GAS
element in the HMEC-E6 cells, suggested that it may be active at baseline. There are t§vo known
phosphorylation sites within STATI1, Tyr701 and Ser727. It has been shown that
phosphorylation of Ser727 induces the highest transcriptional activation for STAT1 (Wen et al.,
1995). Western analysis was performed to determine the phosphorylation status of STAT1 in the
untreated acutely damaged HMEC-E6 cells. We observed that STATI is phosphorylated at
Ser727 in the HMEC-EG6 cells at baseline (Figure 4d). The activation of STAT! in the HMEC-

E6 cells at baseline may be a response to the expression of E6 in these cells.

An immunopreciptiation time course using a biotin-labeled oligo, containing the IRF-1 GAS
promoter element, was performed to precisely pinpoint the temporal correlation between 1) CBP
recruitment to the IRF-I promoter and 2) IRF-1 mRNA induction in Tam-treated HMEC-E6

cells. CBP was recruited to the GAS element of the IRF-1 promoter at 30 min after 1.0 pM Tam




treatment (Figure 3b). STATI was again shown to be constitutively associated with the IRF-I
promoter GAS element between 0 and 60 min (data not shown). CBP recruitment correlated
with IRF-1 mRNA induction at 30 min (Figure 2). These observations demonstrate that Tam-
mediated recruitment of CBP to the GAS element of the /RF-I1 promoter in acutely damaged

HMEC-ES6 cells is temporally concurrent with IRF-1 mRNA and protein induction.

IFI 6-16 is induced by Tam

Interferons have been shown to regulate the expression of the IFI 6-16 gene (Gjermandsen ef al.,
2000). Specifically, IRF-1 expression induces transcription of IFI 6-16 (Henderson et al., 1997).
Our differential gene expression studieé demonstrate that IFI 6-16 mRNA is induced by
treatment of acutely damaged HMEC-E6 cells with 1.0 uM Tam for 6 hr. Semi-quantitative RT-
PCR was performed to determine the kinetics of IFI 6-16 mRNA induction. IFI 6-16 mRNA
was induced by 1.0 uM Tam in acutely damaged HMEC-E6 cells but not in HMEC-LX controls
(Figure 4). Induction of IFI 6-16 mRNA was 1) first observed in HMEC-E6 cells by 2 hr, 2)
statistically significant by 3 hr (2.2-fold), and 3) maximally induced at 6 hr (3.1-fold) (Figure
44). These observations demonstrate that Tam induces ISG IFI 6-16 mRNA in acutely damaged

HMEC-ES cells starting at 3 hr.

Tam promotes recruitment of IRF-1, STATI, and CBP 10 the IFI 6-16 promoter ISRE element
IRF-1 has been shown to complex with STAT1 and to induce ISG expression through binding to
the interferon consensus sequence 2/gamma-interferon-activated sequence (ICS2/GAS) element
(Chatterjee-Kishore ef al., 1998). In addition, IRF-1 has been shown to directly bind to the

interferon-stimulated response element (ISRE) within the IFI 6-16 promoter and induce
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transcription (Parrington et al., 1993). We observe induction of IFI 6-16 mRNA in HMEC-E6
cells by 3 hr after treatment with 1.0 pM Tam. ChIP was performe'd to test whether recruitment
of IRF-1, STATI, and the co-activator CBP to the ISRE element of the IFI 6-16 promoter
temporally correlated with IFI 6-16 mRNA induction. We observed that IRF-1, STATI, and
CBP are simultaneously recruited to the ISRE element of the JFI 6-16 promoter in acutely
damaged HMEC-EG6 cells after 2 hr treatment with 1.0 uyM Tam (Figure 4c). These observations
demonstrate that Tam treatment of acutely damaged HMEC-E6 cells pfomotes recruitment of
IRF-1, STATI, and CBP to the IFI 6-16 promoter at 2 hr, followed by induction of IFI 6-16

mRNA by 3 hr.

Caspase-1 and caspase-3 are induced by Tam

IRF-1 is thought to mediate apoptosis through activation of caspase-1 (Karlsen et al., 2000; Kim
et al., 2002). Recently, overexpression of IRF-1 in two mouse breast cancer cell lines hés also
shown to activate caspase-3 (Kim et al., 2004). We have previously shown that caspaée-3 is
activated by 1.0 yM Tam in acutely damaged HMEC-E6 cells starting at 6 hr, maximally at 24
hr, and precedes the appearance of marginated chromatin (early effector-phase apoptosis), first
observed at 12 hr (Dietze et al., 2001). In contrast, we observed that caspase-3 was not activated

by Tam in HMEC-LX controls (Dietze ef al., 2001).

Here we tested for caspase-1 activation in Tam-treated acutely damaged HMEC-E6 cells and
HMEC-LX controls. Our gene chip data showed no increase in caspase-1 mRNA at 6 hr, in
either the HMEC-LX controls or the HMEC-E6 cells (data not shown). In HMEC-E6 cells,

however, caspase-1 was activated by 1.0 pM Tam starting at 3 hr (Figure 5a). This activation
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temporally correlated with maximal IRF-1 mRNA and protein induction observed at 2-3 hr

(Figure 2). In contrast, caspase-1 was not activated in passage matched HMEC-LX controls

(Figure 5a).

Cqspase-l inhibitor 1V blocks T am-induced apoptosis

HMEC-E6 cells were pretreated with caspase-1 inhibitor IV to test whether caépase-l ‘activation
was required for Tam-induced apoptosis. HMEC-E6 cells treated with 15 nM caspase-1
inhibitor and 1.0 pM Tam for 4 hr failed to show a significant increase in caspase-1 activation
(Figure 5b). As previously observed, HMEC-E6 cells treated with 1.0 yM Tam showed
activation of caspase-3 at 12 hr, and underwent apoptosis as demonstrated by Annexin V binding
at 18 hr (Figure 5¢,d) (Dietze et al., 2001). Pretreatment with 15 mM caspase-1 inhibitor IV 3 hr
prior to treatment with 1.0 M Tam for 12 hr and 18 hr inhibited both the induction of caspase-3
activity (Figure 5c) and apoptosis as evidenced by a lack of Annexin V binding (Figure 5d).
Caspase-1 inhibitor IV treatment alone did not alter the proliferation rate of HMEC-E6 cells and
did not induce apoptosis (Figure 54 and data not shown). These data demonstrate that caspase-1

activation is required for Tam-induced apoptosis in acutely damaged HMEC-EG6 cells.

siRNA directed against IRF-1 blocks Ti am-induéed activation of caspase-1/3 and apoptosis

siRNA was used to test whether suppression of IRF-1 expression blocked Tam-mediated caspase
activation and apoptosis in acutely damaged HMEC-E6 cells. Treatment of HMEC-E6 cells
with siRNAs IRF-1 #1 and IRF-1 #4 sequences for 12 hr resulted in suppression of IRF-1 protein
and mRNA (Figure 6a and data not shown). We observed that 1.0 pM Tam activated caspase-1

at 3-4 hr (Figure 54). Suppression of IRF-1 expression in HMEC-E6 cells by IRF-1-specific
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siRNA blocked Tam-mediated caspase-1 activation at 3 and 4 hr (Figures 6b). We previously
demonstrated that caspase-3 is activated by 1.0 uM Tam in acutely damaged HMEC-E6 cells
starting at 6 hr and maximally at 24 hr (Dietze ef al., 2001). Suppression of IRF-1 expressibn in
HMEC-E6 cells by IRF-1-specific siRNA blocked Tam-mediated caspase-3 activation at 12 hr

(Figures 6¢). In previously published data, we showed that 1.0 yM Tam induced apoptosis in

-acutely damaged HMEC-EG6 cells as demonstrated by Annexin V binding at 18 hr (Dietze et al.,

2001). Here we show that two siRNA sequences directed against IRF-1 blocked Tam-mediated

'apoptosis in HMEC-E6 cells (Figure 6d). These observations demonstrate that IRF-1 expression

is required for Tam-induced caspase-1/3 activation and apoptosis in acutely damaged HMEC-E6

cells.
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Discussion

While IFN signaling is important for eliminating cells that are damaged by viral infection,
evidence suggests that IFN signaling, through STATI, IRF-1, and other ISGs, may play a more
comprehensive role in mammary gland homeostasis and response to DNA damage. Recently, a
similar subset of interferon-regulated genes was induced by overexpression of BRCAL, in the
absence of further interferon production (Andrews ef al., 2002). This observation suggests that
the loss of BRCA1 may facilitate the disruption of the interferon response. IFN-regulatory
proteins such as IRF-1, STATI, and ISG12 are dysregulated during breast carcinogenesis
(Doherty et al., 2001; Rasmussen ef al., 1993; Watson and Miller, 1995) and IFN exhibits cross-
talk with estrogen and retinoid signaling (Bjornstrom and Sjoberg, 2002; Kolla et al., 1996;

Widschwendter ef al., 1996).

Here we report a novel role for the ISG, IRF-1, in regulating Tam-mediated apoptosis in acutely
damaged HMEC-E6 cells. This finding is not completely unexpected. Recent reports have
highlighted the ability of IRF-1 to médiate growth arrest and apoptosis in breast cancer cell lines
(Hoshiya et al., 2003; Kim et al., 2002; Kim ef al., 2004). In addition, evidence suggests that
IRF-1 plays a role in mammary homeostasis, as IRF-1 is critical for mammary gland involution
and loss of expression of IRF-1 is an eafly event in mammary carcinogenesis (Doherty et al.,
2001). In this study, IRF-1 expression was induced by 60 min treatment with 1.0 yM Tam
(Figure 2). IRF-1 was induced by Tam in acutely damaged HMEC-E6 cells 1-3 hr prior to
subsequent ISG induction, 9 hr prior to caspase-3 induction, and 21 hr prior to late effector-
phase apoptosis (detection of apoptotic bodies) (Figure 2 and data not shown). Suppression of

IRF-1 expression by siRNA sequences blocked the induction of apoptosis by Tam (Figure 6).
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Taken together these results suggest a critical role for IRF-1 expression in mediating Tam-

induced apoptosis in acutely damaged HMEC-E6 cells.

Recently, an IFN-inducible GAS element has been identified in the IRF-1 promoter (Harada et
al., 1994; Sims et al., 1993). STAT1 homodimers bind to this GAS element and induce
transcription. At a similar interferon response element, called YRE element, a STAT1 dimer
binds and recruits CBP to the promoter complex (Hiroi and Ohmori, 2003). STATI1 has been
shown to interact with CBP through both the CREB-binding domain and CH3 domain (Zhang et
al.; 1996). IRF-1 in turn has been reported to complex with STAT1 to induce ISG expression by
binding to the inferferon consensus sequence-2/gamma-interferon-activated sequence
(ICS2/GAS) element (Chatterjee-Kishore et al., 1998). Based on these observations we
hypothesized that 1) STAT1 and CBP may play a role in IRF-1 induction and 2) IRF-

1/STAT1/CBP, in turn, may cooperatively promote induction of further ISGs.

ChIP and immunoprecipitation experiments demonstrated that STAT1 was constitutively bound
to the GAS element of the IRF-1 promoter in HMEC-E6 cells (Figure 3). In contrast, CBP was
not associated with the IRF-I GAS element at baseline. ChIP and immunoprecipitation
experiments demonstrated that CBP was recruited to the GAS element of the IRF-1 promoter by
30 min after Tam treatment (Figure 3). Neither STAT1 nor CBP were associated at baseline or
recruited to the /RF-I GAS eclement in HMEC-LX vector controls cells. Based on these
observations, we hypothesize that CBP recruitment to the JRF-1 GAS element may be the crucial

step in up-regulation of IRF-1 mRNA following Tam treatment.
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Induction of IRF-1 was closely followed by induction of a small set of ISGs (Table 2). IRF-1
has previously been shown to participate in the induction of the ISG, IFI 6-16, through
recruitment of IRF -i to the IFI 6-16 promoter ISRE sequence (Parrington ef al., 1993). Here we
report that induction of IFI 6-16 mRNA temporally correlated with recruitment of STAT]1, IRF-
1, and CBP to the ISRE of the IFI 6-16 promoter region (Figure 4). Tam induced IFI 6-16
mRNA expression at 3 hr in acutely damaged HMEC-E6 cells but not in HMEC-LX controls
(Table 2, Figures 1, 4). ChIP analysis of untreated HMEC-E6 cells showed that IRF-1, STAT],
and CBP were not bound to the /FI 6-16 ISRE at baseline (Eigme 4c). However, when acutely
damaged HMEC-E6 cells were treated with 1.0 pM Tam for 2 hr, IRF-1, CBP, and STATI1 were
recruited to the ISRE sequence in the IFI 6-16 promoter (Figure 4) and this recruitment was
followed by the induction of IFI 6-16 mRNA at 3 hr. These observations demonstrate a potential
role for Tam 1) in promoting IRF-1 recruitment to the IFI 6-16 promoter and 2) perhaps in
promoting IFI 6-16 mRNA expression. Work is on-going in our laboratory to define 1) the
requirement for IRF-1/STAT1/CBP in modulating IFI 6-16 expression and 2) whether IFI 6-16
directly participates in Tam-induced apoptosis in acutely damaged HMEC-E6 cells or whether it

serves only as a marker of IRF-1 induction.

Caspase-1 and caspase-3 have previously been shown to participate in IRF-1-mediated apoptosis
(Kim et al., 2002; Kim ef al., 2004). IRF-1 has been shown to be critical for caspase-1 mRNA
induction from cytokine treatment (Karlsen et al., 2000). While caspase-3 is clearly an effector-
caspase, the role of caspase-1 in promoting effector-phase apoptosis is controversial. Caspase-
1/ICE is traditionally considered an initiator caspase, well known for its inflammatory actions in

activating both IL-1B and IL-18 cytokines (Creagh ef al., 2003). Some earlier studies, however,
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suggest that it is also involved in apoptosis (Miura ef al., 1993; Wang et al., 1994). There have
also been several reports of sequential activation of caspases-1 and -3 (Kamada ef al., 1997; Dai
and Krantz, 1999; Pasinelli et al., 2000; Aiba-Masago et»al., 2001; Zhang et al., 2003; Jiang et
al., 2004). While the phenotype of the caspase-1 knock-out mouse did not show major
dysregulation of apoptosis, ICE-/- thymocytes were resistant to Fas-mediated apoptosis (Kuida ez
al., 1995). More recently, studies with IFN-gamma have shown that caspase-1 is induced and
activated in cells sensitive to apoptosis (Detjen et al., 2001; Detjen et al.A, 2002; Kim et al.,

2002).

Here we observed that caspase-1/3 are activated by Tam in acutely damaged HMEC-E6 cells by
3 and 12 hr (Figure 5, Dietze et al., 2001), respectively, in the absence of IFN secretion (data not
shown). Microarray analysis for both HMEC-LX and HMEC-E6 cells showed no induction of
caspase-1 mRNA at 6 hr (data not shown), however, caspase-1 was activated 2 hr after the
observed increase in IRF-1 protein levels (Figure 5a). Inhibition of caspase-1 activity with 15
nM caspase-1 inhibitor IV blocked Tam-induced 1) activation of caspase-1 and caspase-3 and 2)
effector-phase apoptosis (Figure 5). siRNA directed against IRF-1 also blocked Tam-mediated
activation of caspase-1/3 and apoptosis (Figure 6). Taken together these data indicate that Tam-
inducéd apoptosis in acutely damaged HMEC-E6 cells requires both induction of IRF-1 and a

subsequent increase in caspase-1 activity.

We have previously shown that caspase-9 was induced by Tam treatment of HMEC-E6 cells
(Dietze et al., 2001; Dietze et Ial., 2.004). Caspase-9 induction occurred within 1 hr of Tam

treatment and returned to baseline by 12 hr after Tam treatment (Dietze ef al., 2001). Caspase-9
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has not been shown to process procaspase-1. Thus it is unlikely that caspase-9 is involved in the
observed activation of caspase-1. Also, IRF-I(-/-) cells were still able to induce caspase-9
activity (Oda et al., 2000). Taken together with the kinetics of ISG IFI 6-16 induction (F igure
4), it is unlikely that IRF-1 participates in caspase-9 activation. The exact relationship of
caspases-9, -1, and -3 to each other and to the execution phase of apoptosis is under study in our

laboratory.

In previously published studies, we have recently shown that Tam treatment of acutely damaged
HMEC-ES6 cells results in rapid loss of AKT Ser-473 phosphorylation and activity (Dietze et al.,
2004). In this report we demonstrate that 1) Tam promotes recruitment of CBP to the GAS
element of the IRF-1 promoter and 2) this recruitment is temporally associated with induction of
IRF-1. It is known tﬁat CBP and its related co-activator, p300, are present in limiting amounts.
The current paradigm of CBP/p300 action suggests that CBP/p300 activity is mediated by
competition of various promoter elements for limited quantities of CBP/p300. However, recent
studies suggest that the activity of CBP may also be controlled by phosphorylation, although
correlation between specific sites of phosphorylation and alteration of function has been rare
(Kovacs et al., 2003). Given our recent observations regarding 1) the role of AKT in regulating
Tam-induced apoptosis and 2) Tam-modulated CBP recruitment to the JRF-1 GAS element, we
are currently investigating the potential role of AKT in promoting CBP recruitment and IRF-1
induction. AKT has been shown to phosphorylate the CBP analog p300 in the CH3 domain and
block the transcriptional activity of C/EBPB which binds that domain (Guo et al., 2001). We are
currently investigating the po'ssibility that AKT functions in a similar fashion to promote CBP

binding to the STAT1-bound IRF-1 GAS element and thereby promote IRF-1 transcription in
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acutely damaged HMEC-E6 cells.

Materials and Methods

Materials

All chemicals and cell culture reagents were obtained from Sigma-Aldrich (St. Louis, MO,
USA), DNA primers from Invitrogen (Carlsbad, CA, USA) or Qiagen Operon (Alameda, CA,
USA), and cell culture plasticware from Corning (Corning, NY, USA) unless otherwise noted.
A 1.0 mM stock solution of tamoxifen was prepared in 100% ethanol and stored in opaque tubes
at -70°C. Control cultures received equivalent volumes of the ethanol solvent. Stocks were used
under reduced light. Caspase-1 inhibitor IV was obtained from EMD Biosciences Inc. (San
Diego,\ CA, USA). IFN-y was obtained from R&D Systems (Minneapolis, MN, USA),

reconstituted to a 10 pg/ml stock with 1x PBS (0.1% BSA), and stored at -70°C.

Cell Culture and Media

Normal human mammary epithelial cell strain AG11132 (M. Stampfer #172R/AA7) was
purchased from the National Institute of Aging, Cell Culture Repository (Coriell Institute,
Cémden, NJ, USA; Stampfer, 1985). HMEC strain AG11132 was established from normal
- tissue obtained at reduction mammoplasty, has a limited life span in culture, and fails to divide
after épproximately 20 to 25 passages. HMECs exhibit a low level of estrogen receptor staining
characteristic of normal mammary epithelial cells. HMECs were grown in Mammary Epithelial
Cell Basal Medium (Clonetics, San Diego, CA, USA) supplemented with 4 pl/ml bovine
pituitary extract (Clonetics #CC4009), 5 pg/ml insulin (UBI, Lake Placid, NY, USA), 10 ng/ml
epidermal growth factor (UBI), 0.5 pg/ml hydrocortisone, 10° M isoproterenol, and 10 mM

HEPES buffer [Standard Media]. G418 containing Standard Media was prepared by the addition
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of 300 pg/m! of G418 (Gibco, Grand Island, NY, USA) to Standard Media. Cells were cultured
at 37°C in a humidified incubator with 5% C02/95% air. Mycoplasma testing was performed as

previously reported (Seewaldt ez al., 1997a).

Retroviral Transduction

The LXSN16E6 retroviral vector containing the human papillomavirus-16 (HPV-16) E6 coding
sequence was provided by D. Galloway (Fred Hutchinson Cancer Research Center, Seattle, WA,
USA) (Demeré et al., 1996). HMECs (passage 9) were plated in four T-75 tissue culture flasks
in Standard Medium and grown to 50% confluency. Transducing virions from either the PA317-
LXSN16ES or the control PA3 17-LXSN (wit.:hout insert) retroviral producer line were added at a
multiplicity of infection at 1:1 in the presence of 4 pg/ml Polybrene to log-phase cells grown in
T-75 flasks. The two remaining T-75 flasks were not infected with virus. After 48 hr two flasks
containing transduced cells and one flask with untransduced cells were passaged 1:3 (passage
10) and selected with Standard Media containing 300 pg/ml G418. Cells were grown in G418
containing Standard Media for four to seven days, until 100% of control untransduced cells were
dead. The transduction efficiency was high during selection, cells were passaged 1:3 at the
completion of selection (passage 11), and cells were maintained in the absence of selection
before immediately proceeding to apoptosis experiments. The fourth flask of unselected,
untransduced parental control cells was passaged in parallel with the selected, transduced
experimental and vector control cells. Parental AG11132 cells were designated HMEC-P.
Transduced AG11132 cells expressing the HPV-16 E6 construct were designated HMEC-E6 and
vector control clones were designated HMEC-LX. All cells were maintained in Standard Media

after transfection in the absence of G418 selection to ensure that any observed chromosomal
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abnormalities or apoptosis resistance was not due to continued exposure to G418. All

experiments were performed on mass cultures.

Differential Gene Expression Studies

Total RNA isolation was as previously described (Seewaldt et al., 1995). RNA integrity was
confirmed by electrophoresis, and samples were stored at -70°C until used. All RNA
combinations used for array analysis were obtained from cells that were matched for passage
number, cultured under the identical growth conditions, and harvested at identical confluency.
cDNA synthesis and probe generation for cDNA array hybridization were obtained by following

the standardized protocols provided by Affymetrix (Affymetrix, Santa Clara, CA, USA).

Expression data for approximately 5,600 full-length human genes were collected using
Affymetrix GeneChip HuGeneFL™ arrays, and following the standﬁrdized protocols provided by
the manufacturer. -Data were collected in triplicate using independent biological replicates.
Array images were processed using Affymetrix" MAS 5.0 software, where we filtered for probe
saturation, employed a global array scaling target intensity of 1000, and collected the signal
intensity value (i.e., the “averége difference”) for each gene. Pair-wise “treatment vs control”
compaﬁsons were made employing CyberT (Baldi and Long, 2001), a Bayesian t-statistic
algorithm derived for microarray analysis. We employed a window size of 101 and used a
confidence value of 10 in our CyberT analysis. Significant changes in expression were
determined by ranking the aSsigned Bayesian p-values and applying a false discovery rate

correction (FDR = 0.05) to account for multiple testing (Benjamini, et al., 1995).
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Semi-quantitative Rf-PCR
To confirm the microarray data, relative transcript levels were analyzed by semi-quantitative
reverse transcriptase-polymerase chain reaction (RT-PCR). Five micrograms of total RNA was
used in first-strand cDNA synthesis with Superscript " 11 reverse transcriptase (Invitrogen). PCR
reaction conditions were optimized for each gene product to determine the PCR cycle number of
linear amplification for each primer set. The primer sets, cycling conditions, and cycle numbers
used are indicated in Table 1. All PCR reactions were in 50 pl total volume. For ISG15, IFI56,
and IFI 9-27, a reaction was set up containing 100 nM of each primer, 1.0 mM dNTPs, 10 mM
Tris-HC1 (pH 8.3), 1.5 mM MgCl,, 50 mM KCl, 2.5 units Taq polymerase (Roche Applied
Science, Indianapolis, IN, USA), and 2.0 pl cDNA. IFI 6-16 was amplified with 100 nM of each
primer, 1.0 mM dNTPs, 1x Expand High Fidelity Buffer (-MgCl,) (Roche Applied Science), 0.5
mM MgCl,, 10% DMSO, 2.0 units Taq polymerase, and 4.0 ul cDNA. Amplification of ISG12
was carried out with 100 nM of each primer, 1.0 mM dNTPs, 10 mM Tris-HCl (pH 8.3), 1.5 mM
MgCl,, 50 mM KCl, 2.0 units Taq polymerase, and 4.0 pl cDNA. IRF-1 cDNA was amplified
with 200 nM of each primer, 1.0 mM dNTPs, 20 mM Tris-HCI (pH 8..4), 50 mM KCl, 1.0 mM
MgCly, 2.5 units Taq polymerase, and 2.0 pl cDNA. Reaction conditions for beta-actin were 300
nM of each primer (sequences obtained from Invitrogen), 1.0 mM dNTPs, 10 mM Tris-HCI (pH
8.3), 1.5 mM MgCl,, 50 mM KCl, 2.5 units Taq polymerase, and 2.0 ul cDNA. Products were
amplified with GeheAmp PCR Systems 2400 and 9700 (Applied Biosystems, Foster City, CA,
USA). Ten microliters of PCR product was analyzed by electrophoresis in 1.2-1.5% agarose
(Invitrogen) gels containing ethidium bromide and visualized under UV light. All samples were
performed in triplicate and normalized to beta-actin control. Band quantitation was done using

Kodak 1D™ Image Analysis Software (Eastman Kodak, Rochester, NY, USA).
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ChIP (Chromatin Immunoprecipitation Assay)

ChIP was performed by published methods with some modifications (Yahata et al., 2001).
Preliminary experiments were run to determine optimal sonication and formaldehyde cross-
linking time. Once optimized, cells were harvested, pelleted, and treated with 1% formaldehyde
for 15 min to cross-link cellular proteins. Cells were then rinsed twice in ice cold PBS
containing proteése inhibitors, pelleted, and resuspended in Lysis Buffer [1% SDS, 10 mM
EDTA, 50 mM Tris-HCI at pH 8.1, 1x Protease Inhibitor Cocktail (4 pg/ml epibestatin
hydrochloride, 2 pg/ml calpain inhibitor II, 2 pg/ml pepstatin A, 4 pg/ml mastoparan, 4 pg/ml
leupeptin hydrochloride, 4 pg/ml aprotinin, 1 mM TPCK, 1 mM phenymethylsulfony] fluoride,
and 100 yM TLCK)]. Samples were then sonicated 3 x 15 seconds each with a 1 min incubation
on ice in between pulses on a Branson sonifier model 250 at 50% duty and maximum mini probe
power. A 20 pl aliquot of lysate was saved and used to determine the input DNA for each
sample. Supernatants were diluted (1:10) in Dilution Buffer [1% Triton X-100, 2 mM EDTA,
150 mM NaCl, 20 mM Tris-HCI1 at pH 8.1, 1x Protease Inhibitor Cocktail], and precleared with
2 ng of sheared salmon sperm DNA (Gibco), 20 pl normal human serum, and 45 pl of protein A-
sepharose [50% slurry in 10 mM Tris-HCl at pH 8.1, 1.0 mM EDTA]. To precleared chromatin,
10 pl of either anti-CBP (A22, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-STAT1
(E23, Santa Cruz Biotechnology), or anti-IRF-1 (H205, Santa Cruz Biotechnology) was added,
and the reaction was incubated overnight, followed by an addition of 45 pl of protein A-
sepharose and 2.0 pg sheared salmon sperm and an additional 1 hr incubation. Sepharose beads
were then collected and washed sequentially for 10 min each in TSE I [0.1% SDS, 1% Triton X-

100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, 150 mM NaCl], TSE II [0.1% SDS, 1% Triton X-

23




A}

100, 2 mM EDTA, 20 mM Tris-HCI at pH 8.1, 500 mM NaCl], and buffer III [0.25 M LiCl, 1%
NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl at pH 8.1]. Beads were washed once
with TE buffer and DNA eluted with 100 pl of 1% SDS-0.1 M NaHCO3. Eluate was heated at
65°C overnight to reverse the formaldehyde cross-linking. DNA fragments were cleaned-up
with the QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) and amplified in a PCR
reaction. Primers for the IRF-1 and IFI 6-16 promoters were 1) IRF-1 forward 5’-GTA CTT
CCC CTT CGC CG-3’ and IRF-1 reverse 5’-GCG TAC TCA CCT CTG CTG C-3’ and 2) IFI 6-
16 forward 5°-ATA CCC TTA GCG GCT CCA AA-3’ and IFI 6-16 reverse 5°’-GCT GAA GGC
TGG CTT TTT ATC-3. Thirty microliters of PCR product was analyzed by electrophoresis in
1.5% agarose gels containing ethidium bromide and visualized under UV light using Kodak 1D™

Image Analysis Software. All reactions were performed in triplicate.

Western Blotting

Preparation of cellular lysates and immunoblotting were performed as previously described
(Seewaldt et al., 1997b; Seewaldt et al. 1999b). For IRF-1 expression, the membrane was
incubated with a 1:100 dilution of mouse anti-human IRF-I (C-20, Santa Cruz Biotechnology).
For CBP expression, the blocked membrane was incubated with a 1:200 dilution of the CBP
antibody (C-20, Santa Cruz Biotechnology). For STATI expression the membrane was
incubated with a 1:100 dilution of antibody to STAT1 (E-23, Santa Cruz Biotechnology). For
STATI1 phosphoserine-727 detection the membrane was incubated with a 1:400 dilution of the
Phospho-STAT1-Ser727 antibody (Cell Signaling Technology, Beverly, MA, USA). Loading
control was provided by a 1:200 dilution of antibody to B-actin (I-19, Santa Cruz

Biotechnology). The resulting film images were digitized and quantitated using Kodak 1D™
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Image Analysis Software.

Suppression of IRF-1 with siRNA

Two double—stranded siRNA oligos were designed using Ambion, Inc. software (Austin, TX,
USA). Oligos were synthesized and annealed by Qiagen. IRF-1 #1 targets sequence: 5°-
AACTTTCGCTGTGCCATGAAC-3’, and IRF-1 #4  targets  sequenmce:  5’-
AAGTGTGAGCGCCTTGGTATG-3’. Control non-silencing siRNA was provided by Qiagen.
Early passage HMEC-EG6 cells were transfected with IRF-1 #1 and #4 siRNAs (167mM-600nM)
and Cellfectin™ (Invitrogen). Twelve hours after transfection, RNA was harvested using the
Aurum’ Total RNA kit (Bio-Rad Laboratories, Hercules, CA, USA) and protein was harvested
as previously described (Seewaldt ef al., 1999a; Seewaldt ef al., 1997b). Western analysis (as
described above) and RT-PCR were performed to confirm suppression of IRF-1 expression.
c¢cDNA was prepared for RT-PCR from 50 ng total RNA with Superscript” II reverse
transcriptase (Invitrogen). Beta-actin PCR reaction conditions were performed as described
above except product was amplified for 24 cycles. IRF-1 amplification was re-optimized for
lower input. The changes made to the reaction were as follows: 1) HotStarTaq  polymerase
(Qiagen) was used, 2) annealing temperature was increased to 57°C, and 3) amplification was
carried out for 38 cycles. Twenty-five microliters of PCR product was ran on either 2.0% or
1.2% agarose gels stained with ethidium bromide and visualized with Kodak 1D™ Image

Analysis Software.
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ELISA

Aliquots of tissue culture media were withdrawn from' flasks at 0, 30 min, 1, 2, and 4 hr and
stored at -70°C. Manufacturer protocols for the commercial IFN-alpha, IFN-beta (Biosource
International, Camarillo, CA, USA), and IFN-gamma (BD Biosciences Pharmingen, San Diego,
CA, USA) ELISA kits weré followed. Duplicate standard curves were run on each plate, and

media samples were assayed in triplicate.

IRF-1 Promoter Immunoprecipitation

HMEC-E6 cells and HMEC-LX controls were treated with 1.0 uM tamoxifen and harvested at 0,
30, and 60 min. Preparation of cellular lysates and immunoblotting were performed as
previously described (Seewaldt et al., 1997b; Seewaldt et al., 1999b). A 25 bp section of the
IRF-1 promoter region, encompassing the GAS element (-134 to -109 bp upstream), was used to
design biotin-labeled oligos. The complimentary oligos (Qiagen) were annealed in equal molar
concentrations, heated to 95°C for 5 min, and allowed to cool to room temperature. Then 890 pg
of total protein lysate was precleared with Strep-avidin beads. The supernatant was subsequently
incubated with IRF-1 GAS-annealed oligos and Strep-avidin beads for 2 hr at 4°C. The beads
were washed 3x with lysis buffer with protease inhibitors, boiled, and ran on an SDS-PAGE gel.
Antibodies to CBP (C-20, Santa Cruz Biotechnology) and STAT1 (E-23, Santa Cruz

Biotechnology) were used to detect bound protein.
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Measurement of Apoptosis and Caspase-1/3 Activity

Apoptosis was measured by Annexin V binding and FACS after treatment with 1.0 yM Tam for
18 hr as previously described (Dietze ef al., 2001; Seewaldt ef al., 1999a). Caspase-1/3 assays
were performed as follows: cells were harvested< by trypsinization, washed once with 100
volumes of ice éold PBS and pelleted. Caspase-1 and -3 activities were then assayed according
to the manufacturer’é instructions using a caspase-1 (EMD Biosciences Inc.) or caspase-3
(Clontech, Palo Alto, CA, USA) assay kit. For IRF-1 suppression studies, early passage HMEC-
E6 cells were transfected with IRF-1 siRNAs 12 hr prior to treatment with 1.0 pM Tam.
Caspase-1 and caspase-3 levels were measured at 4 hr and 18 hr, respectively, after Tam

treatment.
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Table 1: ISG primers

Gene Name

Primer set

Cycle
conditions

PCR cycle
number

ISG15

F: 5>-AGTACAGGAGCTTGTGCCGT-3’
R: 5’-GAAGGTCAGCCAGAACAGGT-3’

94°C 2 min.
94°C 30 sec.
58°C 30 sec.
72°C 1 min.
72°C 7 min.

22

ISG12

F:5 ’-GAATTAACCCGAGCAGGCAT-B ’
R: 5’-CTCTGGAGATGCAGAATTTGG-3’

94°C 2 min,
94°C 30 sec.
58°C 30 sec.
72°C 1 min.
72°C 7 min.

27

IF1-56

F: 5’-GGTCAAGGATAGTCTGGAGCA-3’
R: 5’-AGTGGCTGATATCTGGGTGC-3’

94°C 2 min.
94°C 30 sec.
58°C 30 sec.
72°C 2 min.
72°C 7 min.

23

IF19-27

F: 5>-GAAACTGAAACGACAGGGGA-3
R: 5’-TGTATCTAGGGGCAGGACCA-3’

94°C 2 min.
94°C 30 sec.
58°C 30 sec.
72°C 1 min.
72°C 7 min.

24

IF1 6-16

F: 5’-CAAGGTCTAGTGACGGAGCC-3’
R: 5’-CTGCTGGCTACTCCTCATCC-3’

94°C 2 min.
94°C 30 sec.
58°C 30 sec.
72°C 1 min.
72°C 7 min.

25

IRF-1

F: 5-ACCCTGGCTAGAGATGCAGA-3’
R: 5’-TTTTCCCCTGCTTGTATCG-3’

94°C 5 min.
94°C 30 sec.
51°C 30 sec.
72°C 45 sec.
72°C 7 min.

28

Beta-actin

F: 5-GCTCGTCGTCGACAACGGCTC-3’

R: 5’-AAACATGATCTGGGTCATCTTCTC-3’

94°C 2 min.
94°C 15 sec.
55°C 30 sec.
72°C 30 sec.
72°C 7 min.

18
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Table 2: Tamoxifen gene changes

Gene Name Genbank™ Fold change
HMEC-LX HMEC-E6

IF19-27 Jo4164 - 45

IRF-1 L05072 - 4.0

ISG15 M13755 —— 44

ISG-54 M14660 - 52

RANTES M21121 - 1.9

IF1-56 M24594 - 2.3
MX-A M33882 —— 20.0

Interferon gamma-inducible protein 16 M63838 - 2.0
2'-5'oligoadenylate synthetase 2, isoform p69 M87284 —- 3.8
2'-5'oligoadenylate synthetase 2, isoform p71 M87434 — 3.6
IRF-9 M87503 -—-- 2.6

STAT!1 alpha M97935 ———- 2.0

STATI beta M97936 -3.1 12.7

Interferon gamma receptor 1 U19247 - 2.1

IF1 6-16 U22970 — 17.5

RIG-G U52513 -— 2.1

IRF-7 U53830 -—- 9.7

Interferon-induced protein 35 U72882 - 2.6
2',5'-oligoadenylate synthetase 1 (1.6kb RNA) X02874 — 4.5
2',5"-oligoadenylate synthetase 1 (1.8kb RNA) X02875 ——- 4.2
Interleukin 6 (interferon, beta 2) X04602 ——— -——
Interferon induced transmembrane protein 2 (1-8D) X57351 —— ———-
ISG12 X67325 - 7.6

proteasome subunit, beta type 10 X71874 -1.6 -
proteasome subunit, beta type 8; LMP8 714982 -2.6 -
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Figure I: Semi-quantitative RT-PCR analysis of ISG mRNA expression in early passage
- acutely damaged HMEC-E6 cells (passage 10) and HMEC-LX vector controls (passage 10).
Treated with 1.0 pM Tam for 0 hr (®) and 6 hr (T-6). Beta-actin serves as a normalization

control. These data are representative of three separate experiments.
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Figure 2: Tam induces expression of IRF-1 mRNA and protein in acutely damaged

HMEC-ES6 cells.

(A) Semi-quantitative RT-PCR analysis of IRF-1 mRNA expression in early passage
acutely damaged HMEC-E6 cells (passage 10) and HMEC-LX vector controls
(passage 10). Treated with 1.0 uM Tam for 0, 30 min, 2, 3, and 6 hr. Beta-actin
serves as a normalization control. The negative sample (-) contained no cDNA.

These data are representative of three separate experiments.

(B) Quantitation of IRF-1 mRNA expression in early passage HMEC-E6 cells and
HMEC-LX vector controls treated with 1.0 pM Tam. Expression is normalized to
beta-actin. These data are the average of three separate determinations. (*: p-value <

0.01)

(C) Expression of IRF-1 protein in early passage HMEC-E6 cells (passage 11)
treated with 1.0 pM Tam for 0, 30 min, 2, 3, and 6 hr. Equal amounts of protein

lysate were added in each lane. Beta-actin serves as a loading control.

(D) Quantitation of IRF-1 protein expression in early passage HMEC-E6 cells
treated with 1.0 yM Tam. Expression is normalized to beta-actin. These data are the

average of three separate determinations. (*: p-value < 0.025; **: p-value < 0.001)
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Figure 3: Tam promotes recruitment of CBP to the JRF-I promoter GAS element in

acutely damaged HMEC-E6 cells.

(A) ChIP was performed to test for STAT1 and CBP recruitment to the IRF-1 GAS

element as a function of Tam treatment. Early passage acutely damaged HMEC-E6
cells (passage 11) were treated with 1.0 pM Tam for 0, 2, and 6 hr as described in
Materials and Methods. Input controls tested the ihtegrity of the DNA samples.

These data represent three separate experiments.

(B) An immunopreciptiation time course using a biotin-labeled oligo, containing the
IRF-1 GAS promoter element, was performed to investigate the temporal correlation
between CBP recruitment to the IRF-1 promoter and IRF-1 mRNA induction in Tam-
treéted early passage HMEC-E6 cells (passage 12) as described in Materials and
Methods. CBP-input controls are provided to assess the CBP content of protein
lysates subjected to immunoprecipitation. CBP-bound assesses the amount of CBP
bound to the IRF-1 GAS promoter element oligo. These data are representative of

three separate experiments.
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Figure 4: Tam promotes induction of ISG IFI 6-16 mRNA and recruitment of

STAT1, CBP, and IRF-1 to the ISRE element of the IFT 6-16 promoter.

(A) Semi-quantitative RT-PCR analysis of IFI 6-16 mRNA expression in early
passage acutely damaged HMEC—E6 cells (passage | 10) and HMEC-LX vector
controls (passage 10). Treated with 1.0 uM Tam for 0, 39 min, 2, 3, and 6 hr. Beta-
actin serves as a normalization control. The negative control (-) contained no cDNA.

These data are representative of three separate experiments.

(B) .Quantitation of IFI 6-16 mRNA expression in early passage HMEC-EG6 cells and
'HMEC-LX vector controls treated with 1.0 yM Tam. Expression is normalized to
beta-actin. These data are the average of three separate determinations. (*: p-value <

0.01)

(C) ChIP was performed to test for STATI, CBP, and IRF-1 recruitment to the IFI 6-
16 ISRE promoter element as a function éf Tam treatment. Early passage acutely
damaged HMEC-E6 cells (passage 11) were treated with 1.0 pM Tam for 0, 30 min,
2, and 6 hr as described in Materials and Methods. Input controls tested the integrity

of the DNA samples. These data represent three separate experiments.

(D) Baseline phosphorylation of STAT1 in early passage HMEC-E6 cells (passage
11). Membrane was incubated with antibodies specific for STAT1-phosphoserine-
727 (STAT1-pSer727), and STAT1 (total STAT1). Equal amounts of protein lysate

were loaded in each lane. Beta-actin serves as a loading control.
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4

Figure 5: Tam promotes caspase-1 activation in acutely damaged HMEC-EG6 cells.

(A) HMEC-LX vector controls (passage 10) and HMEC-E6 cells (passage 10) were
treated with either 1.0 pM Tam or an equivalent volume of solvent for 0 to 6 hr, to
test for caspase-1 activity. C¢lls were harvested by trypsinization, washed, and
pelleted. The pellets were lysed and asséyed according to the manufacturer’s
instructions. Assays were performed in duplicate. A positive control was provided
by THP-1 cells (+cont). These data are the mean of three separate experiments with

standard deviation (**: p-value < 0.025).

(B) Caspase-1 activation by Tam in acutely damaged HMEC-E6 cells (passage 11) is
blocked by pretreatment with 15 nM Caspase-1 inhibitor IV for 4 hr. HMEC-E6 cells
were treated with either 1.0 yM Tam (TAM) or an equivalent volume of solvent for 4
hr. Caspase-1 activity was assayed as above. A positive control was provided by
THP-1 cells. These data are the mean of three separate experiments performed in

duplicate.

(C) Caspase-3 activation by Tam in acutely damaged HMEC-E6 cells (passage 11) is
blocked by pretreatment with 15 nM Caspase-1 inhibitor IV for 3 hr. HMEC-E6 cells
were treated with either 1.0 pyM Tam (TAM) or an equivalent volume of solvent.
Caspase-3 activity was assayed as above. These data are the mean of three separate

experiments performed in duplicate.

(D) Pretreatment with 15 mM Caspase-1 inhibitor IV for 3 hr blocks Tam-induced

apoptosis in acutely damaged HMEC-E6 cells (passage 11). Cells were treated with
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or without 1.0 pM Tam and harvested after an 18 hr treatment. Control cells received
an equivalent volume of solvent. Detection of apoptotic cells was preformed with
FITC-conjugated Annexin V as described in Materials and Methods. These data are

representative of three experiments.
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Figure 6: Inhibition of IRF-1 expression blocks Tam-induced caspase-1/3

activation and apoptosis in acutely damaged HMEC-E6 cells.

(A) Suppression levels of IRF-1 protein expression in early passage HMEC-E6 cells
(passage 11) treated with siRNA #1, siRNA #4, and Cellfectin” for 12hr. Equal
amounts of protein lysate were loaded in each lane. Beta-actin serves as a loading

control.

(B) siRNA directed against IRF-1 blocks Tam-mediated caspase-1 activation in
acutely damaged HMEC-E6 cells (passage 11). Cells were treated with 1.0 uM Tam
(Tam) or an equivalent volume of solvent (No TX) for 4 hr. Caspase-1 activity was
assayed as described in Materials and Methods. A positive control was provided by
THP-1 cells (pos. control). These data are the mean of three experiments performed

in duplicate.

(C) siRNA directed against IRF-1 blocks Taﬁl-mediated caspase-3 activation in
acutely damaged HMEC-E6 cells (passage 11). Cells were treated with 1.0 yM Tam
(Tam) or an equivaleﬁt volume of solvent (No TX) for 12 hr. Caspase-3 activity
was assayed as per manufacturer’s instructions using the caspase-3 assay kit
(Clontech, Palo Alto, CA, USA). A positive control was provided by THP-1 cells

(pos. control). These data are the mean of three experiments performed in duplicate.

(D) siRNA directed against IRF-1 blocks Tam-induced apoptosis in acutely damaged
HMEC-E6 cells (passage 11). Cells were treated with 1.0 yM Tam (Tam) or an

equivalent volume of solvent (No TX) for 18 hr. Detection of apoptotic cells was
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performed with FITC-conjugated Annexin V as described in Materials and Methods.

These data are representative of three experiments.

In each experiment HMEC-E6 cells were pretreated with Cellfectin™, control siRNA,
siRNA #1 or siRNA #4 for 12 hr, and then treated with either 1.0 yM Tam (Tam) or
an equivalent volume of solvent (No TX) for the time indicated. Control cells
(Control) were not exposed to either SiRNA or Cellfectin™. Cellfectin’ controls

(Cellfectin) were exposed to Cellfectin’ alone.
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Abstract

Methylation of the RARB2 P2 promoter is hypothesized to be an important mechanism
for loss of RARB2 function during early mammary carcinogenesis. The frequency of
RARB2 P2 methylation was tested in 1) sixteen early stage breast cancers and 2) sixty-
seven Random Periareolar Fine Needle Aspiration (RPFNA) samples obtained from 38
asymptomatic women who were at increased risk for breast cancer. Risk was defined as
either 1) 5 year Gail risk calculation > 1.7%, 2) prior biopsy exhibiting atypical
hyperplasia, LCIS/DCIS, or 3) known BRCA1/2 mutation carrier. RARB2 P2 promoter
methylation was assessed at two regions, M3 (-51 to +162 bp) and M4 (+104 to +251
bp). In early stage cancers, M4 methylation was observed in 11/16 (69%) cases; in
RPFNA aspirates, methylation was present at M3 and M4 in 28/56 (50%) and 19/56
(38%)V cases, respectively. RPFNAs were stratified for cytologic atypia using the
Masood cytology index. The distribution of RARB2 P2 promoter méthylation was
reported as a function of increased cytologic abnormality. Methylation at both M3 and
M4 was observed in 1) 0/10 (0%) of RPFNAs with Masood scores of 10 or less (non-

proliferative), 2) 3/20 (15%) witﬁ Masood scores of 11-12 (low-grade proliferative), 2)
| 3/10 (30%) Wifh Masood scores of 13 (high-grade proliferative), and 3) 7/14 (50%) with
Masood scores 6f 14-15 (atypia). Results from this study indicate that the RARB2 P2
promoter is frequently methylated (69%) in primary breast cancers and demonstrates a

positive association with increasing cytologic abnormality in RPFNA.




Introduction

Recent studies suggest that breast cancer incidence may be substantially reduced in high-
risk women by tamoxifen treatment and/or prophylacticv mastectomy (1-3). Although
these reports are encouraging, current prevention strategies are expensive and can be
associated with significant side effects. Biomarkers are needed to accurately predict
short-term breast‘cancer risk so that 1) women who are most likely to benefit from
preventive therapy can be identified and 2) response to chemoprevention can be

accurately assessed.

Retinoids are important mediators of growth and differentiation in normal human
mammary epithelial cells (HMECs) and regulate the expression of many pharmacologic
targets for prevention such as cyclooxygenase-2 (COX-2) (4-6). The majority of retinoid
actions are mediated through specific nuclear retinoid receptors (RAR-a, -B, and -y) and
rexinoid receptors (RXR-a, -B, and -y). These nucleér receptors act as transcription
regulators and establish genetic communication networks that are essential in regulating
cell growth, differentiatioﬁ, and apoptosis (4). The transcriptional activity of RARs and
RXRs is primarily modulated through the formation of RAR-RXR heterodimers (4).
‘These heterodimers have two distinct functions: 1) they modulate transcription initiation
after binding to retinoic acid response elements (RARES) in the promoter of target genes
and 2) they promote “cross-talk” with other steroid signaling pathways, perhaps through

promoting co-activator shifts.

RARB?2 is unique because it is 1) primarily expressed in epithelial cells and 2) positively

regulated by retinoids and the RARB2 P2 promoter retinoic acid response element (4).




We have shown that RARB2 is a tumor suppressor in breast cancer (7) and progressive
loss of RARB2 expression is observed during breast carcinogenesis (8, 9). Importantly,
while retinoids and RARB2 mediate .growth arrest and differentiation in | HMECs,
restoration of RARB2 function in breast cancer cells promotes apoptotic cell death (5, 10-
12). Noncancerous epithelial cells adjacent to invasive breast cancer also exhibit
markedly decreased RARB2 mRNA expression (8, 9). This has led to the hypothesis that
loss of RARB2 expression may provide a local cellular environment (field effect) that

promotes mammary carcinogenesis.

Tumorigenesis is thought to be a multistep process resulting from the accumulation of
genetic 1osses and epigenetic changes. Epigenetic changes, mainly DNA methylation and
modification of histones, are now recognized as playing a critical role in carcinogenesis
(13). A multitude of studies using the céndidate gene approach have established the
importance of DNA hypermethylation in tumor suppressor gene silencing (13-24).
Several importént observations have been made. First, many tumor suppfessor genes
have been found to be hypermethylated in multiple tumor types. For example, BRCAI
promoter hypermethylation has been observed in breast and ovarian cancer (16, 21).
Second, DNA hypermethylation évents occur early in carcinogenesis, which makes
hypermethylation a potentially important marker of risk and a target for prevention.
Third, evidence also suggests that hypermethylation of DNA repair genes may

profoundly affect overall and disease-free survival in patients with malignancy (13).

Loss of RARB2 function in mammary epithelial cells is hypothesized to be the result of

both genetic and epigenetic events. Two mechanisms have been proposed: 1) loss of




heterozygosity (LOH) and 2) promoter hypermethylation (6, 8, 9, 14, 15). LOH at the
RARB2 locus (3p24) is frequently observed in invasive breast cancers and is thought to
be a late mechanism for loss of RARB2 expression (6, 8). In contrast, RARB2 P2
promoter methylation has been observe'd.in dysplastic mammary epithelial cells and is

thought to be an important early mechanism for loss of RARB2 expression (9, 14, 15).

Random Periareolar Fine Needle Aspiration (RPFNA) is a research technique developed
to repeatedly sample mammary cells from the whole breaét of asymptomatic high-risk
women to assess both 1) breast cancer risk and 2) responsé to chemoprevention (25, 26).
RPFNA is distinct from diagnostic FNA: diagnostic FNA is a standard clinical technique
used to evaluate a clinically identifiable breast maés, while breast RPFNA is analogous to
a cervical pap-smear in its ability to obtain a representative sampling of cells from the
entire breast of asymptomatic women. RPFNA has the advantage of being able to
provide a “snap-shot” of the whole breast, and, unlike ductal lavage, 1) can be performed
successfully in a majority of high-risk women (72-85% cell yield for RPFNA vs. 20-40%
for ductal lavage) and 2) has been validated in long-term chemoprevention cohorts (25-
27). A great strength of RPFNA is the willingness of high-risk women to undergo
subsequent RPFNA; approximately 80% of women who undergo initial RPFNA undergo
subsequent RPFNA (25, 26). Breast RPFNA has been successfully used to predict breast
cancer risk in women at increased risk for breast cancer. The presence of cellular atypia
in a breast RPFNA specimen is associated with a 5-fold increase in breast cancer risk in
high-risk women (25). These observations validate the use of cellular atypia obtained by

RPFNA as a surrogate marker of short-term breast cancer risk in high-risk populations.




The frequency of RARS2 P2 promoter methylation and resulting loss of RARB2
expression in breast RPFNA is currently unknown. RARP2 P2 methylation is 1)
frequently (74%) detected in fluid from mammary ducts containing ductal carcinoma in
situ and invasive carcinomas and 2) observed in 2/5 (40%) atypical ductal lavage
specimens (28, 29). While these data are extremely limited (n=5), they provide evidence
for the feasibility of testing for RARB2 P2 methylation in cytological specimens. As
described in this study, we demonstrate that RARB2 P2 methylation 1) is observed in
68.8% of primary breast cancers and 2) correlates with the presence of increasing

cytologic abnormality in RPFNA samples obtained in high risk women.




Methods

Informed Consent: The study was approved by the Human Subjects Committee and
Institutional Review Board at the Ohio State University (for biopsy assessment) and
Duke University Medical Center (for RPFNA studies), in accordance with assurances

~ filed with and approved by the Department of Health and Human Services.

Biopsy Tissue: Paraffin-embedded fixed breast biopsy tissue was tested from subjects

with Stage I or I invasive breast cancer.

Eligibility: To be eligible for screening by RPFNA, women were required to have at
least one of the following major risk factors for breast cancer: 1) 5 year Gail risk
calculation > 1.7%, 2) prior biopsy exhibiting atypical hyperplasia, lobular carcinoma in
situ (LCIS), ductal carcinoma in situ (DCIS), or 3) known BRCA1/2 mutation carrier. In
subjects with prior DCIS/LCIS or radiation, only the contralateral breast was aspirated.
In general, women were required to be between 30 and 60 years of age, as women
younger than 30 years have a low short-term risk of breast cancer and women older than
60 years often have involutional breasts that are unlikely to yield sufficient cells for
analysis (25). Women younger than 30 years could only be aspirated if they were within
10 years of the age of onset in a first degree relative. Women older than 55 could only
participate if they hadvprior evidence of generalized proliferati\'/e breast disease. All
women were required to have a mammogram interpreted as “not suspicious for breast
cancer” within 2 months of entry, plus a breast examination on the day of aspiration that
was interpreted as normal or not sufficiently abnormal to warrant a diagnostic biopsy.

Clinical parameters evaluated included age, menopausal status, hormone and oral




contraceptive use, parity, age of menarche and menopause, lactation history, family
cancer history (including family hisfory of breast, ovarian, colon, and prostate cancer),

radiation exposure, and other environmental exposures.

RPFNA: RPFNA was performed as previously published (25, 26). All investigators
were trained to perform RPFNA by Carol Fabian. To control for hormonal effects on
mammary cell proliferation, menstruating women were aspifated between Days 1-12 of
their cycle. The breast was anesthetized with 5 cc of 1% lidocaine, immediately adjacent
to the areola, at approximately 3 and 9 o’clock. Eight to ten aspirations were performed
per breést for random sampling of epithelial cells. After the aspiration, cold packs were
applied to the breasts for 10 min, and then both breasts were bound in kerlex gauze for
12-24 hr. Epithelial cells were pooled and placed in modified CytoLyt™ (Cytyc
Corporation) with 1% formalin for 24 hr. Cells from the right and left breast were pooled -
separately, so as to obtain one sample per aspirated breast. Epithelial cells were split into

two pools, with half designated for cytology and half designated for DNA extraction.

Cytologic Assessment: Slides for cytology were prepared by filtration and Papinicolus
Stained as described previously (25, 26). Cells were classified ‘as nonproliferative,
hyperplasia,-or hyperplasia with atypia (30). Cytology preparations were also given a
semiquantitative index score through evaluation by the Masood Cytology Index (25, 26).
'As previously described, cells were given a score of 1-4 points for each of six
’morphological characteristics that include cell arrangement, pleomorphism, number of
myoepithelial cells, anisonucleosis, nucleoli, and chromatin clumping (25, 26).

Morpholbgical assessment, Masood Cytology Index scores, and cell count were assigned




by a single dedicated pathologist from University of Kansas Medical Center (C.M.Z.)

without knowledge of the subjects’ clinical history.

Materials and Cell Culture Lines: Sodium bisulfite (Sigma, A.C.S.) and hydroquinone
(Sigma, 99+%) were used under reduced lighting and stored in a dessicator. 2-
pyrrolidinone (99+%) was purchased from Fluka. HS578T and ZR751 cell lines were
obtained from American Type Culture Collection (Manassas, VA) and grown in
supplemented «MEM (GibcoBRL) as previously described (5). HMEC-SR is a cell line
derived from Human Papillomavirus E6-immortalized, normal | human mammary
epithelial cell (HMEC) strain AG11132 (M. Stami)fer #172R/AAT) (31). This cell strain
was purchased from thé National Institute of Aging, Cell Culture Repository (Coriell
Institute, Camden, NJ) and grown in supplemented MEBM (Cambrex) as previously

described (11, 32). E6-transduction is as previously described (33, 34).

DNA Extraction from Fixed Tissue: DNA was extracted from paraffin-embedded tissue
using the Pico Pure DNA Extraction Kit (Arcturus) according to manufacturer’s
instructions. The DNA was then purified with a phenol-chloroform extraction, ethanol

precipitated, and resuspended in 10 mM Tris (pH 7.5). Samples were stored at -80°C.

DNA Extraction from RPFNA: The RPFNA samples were washed with unmodified
CytoLyt™ to eliminate red blood cells. The cells were treated with proteinase K
digestion buffer [S0 mM Tris (pH 8.1), 1 mM EDTA, 0.5% Tween 20, 0.1 mg/ml

proteinase K] and incubated overnight at 40°C (35). The proteinase K was inactivated by




incubation at 95°C for 10 min, the samples were spun, and the supernatant was collected

and stored at -80°C.

Confirmation of Genomic Integrity: To confirm the integrity of the extracted genomic
DNA from fixed tissue, PCR analysis was used to detect p-actin. PCR reactions
consisted of 50 ng DNA, 1x PCR buffer (Roche), 250 pM of each dNTP, 200 nM of each
primer, and 2.5 U of Taq polymerase (Roche) in 30 ul total volume. Amplification was
carried out in a GeneAmp PCR System 9700 (Applied Biosystems) as follows: initial
95°C for 5 min followed by 40 amplification cycles (94°C for 30 sec, 59°C for 30 sec,
72°C for 1 min) and a final extension of 72°C for 4 min. Primer sequences were as
follows: 5’-CCC GCT ACC TCT TCT GGT G-3’ (sense) and 5’-GGG GTG TTG AAG

GTC TCA AA-3’ (antisense).

Bisulfite Treatment: Extracted DNA from both RPFNA and fixed tissue was sodium
bisulfite treated following the protocol of Grunau, et al (2001), with some modifications
(36). Treatments on positive and negative controls were performed simultaneously.
Briefly, 1 pg of genomic DNA was denatured with 3 M NaOH for 20 min at 42°C,
followed by deanimation in saturated sodium bisulfite and 10 mM hydroquinone solution
(pH 5.0) for 4 hr at 55°C in the dark. The samples were desalted using the Wizard DNA
Clean-Up System (Promega) according to the manufacturer’s protocol. The DNA was
then desulfonated in 3 M NaOH for 20 min at 37°C, ethanol precipitated, and

resuspended in 1 mM Tris (pH 8.0) for storage in aliquots at -20°C.
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MS-PCR: }This assay takes advantage of discriminatory primers for methylated and
unmethylated DNA, as the primers bind or do not bind depending on methylation status.
Previous work has elucidated four CpG regions where methylation is known to occur
upstream from the RARB2 gene; region 3 (M3) includes the RARE and TATAA box and
region 4 (M4) includes the 5’ end of the transcribed message (14). Region 4 was first
studied in the fixed tumor samples, while both regions 3 and 4 wefe investigated in the
RPFNA samples. All PCR reactions consisted of 50 ngv DNA, 1x PCR buffer (see Table
2), 250 uM of each dNTP, 200 nM of each primer, and 2.5 U of HotStar Taq polymerase
(Qiagen) in 30 pl total volume. Each PCR thermal cycle consisted of 95°C for 5 min
followed by 40 amplification cycles (94°C for 1 min, annealing temp for 1 min, 72°C for
1 min) and a final extension of 72°C for 4 min. See Table 1 for primer sequences and
annealing temperatures (14). A GeneAmp PCR System 9700 (Applied Biosystems) was
used for all amplifications. PCR products were visualized on 1.5% ethidium bromide

agarose gels using an Image Station 440 (Kodak).

MS-PCR Sensitivity Experiment: Previous studies have investigated the methylation
status of breast cancer cell lines at both regions 3 and 4 (14, 15). It was confirmed that
cells of the HMEC-SR line were unmethylated at region 3, HSS578T cells were
unmethylated at region 4, and ZR751 cells were methylated at both regions. As an
estimate of PCR sensitivity, two experiments were set up where known amounts of
methylated cells were titrated in unmethylated cells of each negative type. For the
purposes of testing, the RPFNA procedure was estimated to yield an average of two
million epithelial cells. Thus, titrated amounts of ZR751 cells (from 0 to 100,000 cells)

were used to spike two million cells of each negative type. Each sample was DNA
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extracted, bisulfite treated, and subjected to PCR as outlined above to determine the

sensitivity of our method at each region.

Statistical Methods: The Wilcoxon Rank-Sums test was used to compare the median
Masood score based on M3 methylation, M4 methylation, and a combination of both M3
and M4 methylation. Median cell counts for the two groups defined by M3 or M4
methylation were also compared using the Wilcoxon Rank-Sums test. The Spearman

Correlation Coefficient was used to determine the association between cell count and

.. Masood score.
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Results |

Study Demographics: Sixteen women with early stage breast cancer (Stages 0-2) were
enrolled at Ohio State University from April 1999 to December 1999. Six percent had
Stage 0 breast cancer (DCIS), 50% had Stage 1 breast cancer, and 44% had Stage 2
breast cancer. The average tumor size was 3.2 cm (range 0.5 cm to 5 cm). Thirty-one
percent of the women had lymph node positive disease. Sixty-nine perc;ant of the tumors
were estrogen receptor positive and 50% were progesterone receptor positive. The mean
age of the women was 57 years old (range 34-82 years old). Eighty-eight percent of the
women were Caucasian and 12% were African American. Sixty-nine percent of the
women were postmenopausal. A summary of clinical characteristics of subjects with
early stage breast cancers whose primary breast biopsy specimens were tested for RARS2

P2 promoter methylation are listed in Table 2.

Thirty-eight women underwent RPFNA at Duke University Medical Center from March
2003 to March 2004. Clinical characteristics of subjects undergoing RPFNA are listed in
Table 3. The mean age was 46 (range 29-64). Forty-seven percent of the women were
either peri- or postmenopausal; 53% were preménopausal. Sixty-seven percent of the
women had bilatefal RPFNA. The mean Masood Cytology Index was 12. Eighty-seven
percent (33/38) of the women were Caucasian and 13% (5/38) were African American.
Five percent (2/38) of the women were currently on hormone replacement at the time of
| RPFNA. Twenty-four percent (9/38) of the women had been on estrogen replacement in
the past and had a mean of 9 years of exposure (range 1-25 yeafs). Thirteen percent
(5/38) received tamoxifen, raloxifene, or an aromatase inhibitor at time of RPFNA. Of
the 67 RPFNA samples that were collected, 11 were unsuccessful in obtaining sufficient
epithelial cells for cytologic testing so 56 samples were submitted for full pathology
| analysis. Of the samples that contained insufficient cell counts for cytologic analysis, 6

samples both yielded methylation information and were positive for beta-actin by PCR
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amplification (data not shown). Of the RPFNA samples, 33% (18/56) were from
participants with a prior abnormal biopsy (20% ADH, 11% DCIS, 2% LCIS), 8/56 had
history of contralateral breast cancer, 20/56 had strong family history, and 2/56 were

BRCA2 mutation carriers.

Methylation Analysis: In this study, two known potential hypermethylation regions of
the RARp2 P2 promoter were examined in mammary epithelial cells. These regions are
detailed in Figure 1. Region 3 (M3) contains the RARE (nt -52 to nt -36), TATAA box
(nt -28 to -24), and the transcription start region; methylation region 4 (M4) contains an
Spl element (nt 230 to nt 235) (14). In the RPFNA samples, eithef only an unmethylated
band or both methylated and unmethylated bands were observedT The presence of
unmethylated RARB2 promoter sequences confirmed the integrity of the DNA in all
samples and was expected given the global nature of the sampling. In this heterogeneous
environment, the MS-PCR assay was sensitive enough to detect 0.005% methylation at

region 3 and 0.05% methylation at region 4 (data not shown).

Incidence of RARB2 P2 promoter methylation in primary breast cancers: The
frequency of RARB2 P2 promoter methylation was tested in primary breast cancer
samples at methylation region 4 (M4). PCR amplification of -actin was used to confirm
DNA integrity (data not shown). Sixty-nine percent (11 of 16) of primary tumors
- demonstrated M4 methylation (data not shown). These results are similar to previously

published reports (14).

Incidence of RARB2 P2 promoter methylation in RPFNA: Methylation specific PCR
at the M3 and M4 regions was tested in 67 RPFNA specimens (Figure 2). Fifty-six out
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of 67 samples (84%) had sufficient cellular material for cytologic analysis. MS-PCR
analysis of these 56 samples demonstrated methylation in 50.0% (28/56) of RPFNA
samples at region M3 and 37.5% (21/56) of RPFNA samples at region M4. All included
samples exhibited strong unmethylated bands at both regions, confirming both the
presence of DNA and the promoter sequence itself (Figure 2b). Sixty-four percent
(36/56) of RPFNA samples demonstrated methylation at either M3 or M4; 23.2% (13/56)
demonstrated méthylation at both M3 and M4. Seventeen of the subjects had bilateral
RPFNAs; one paired sample did not have sufficient cellular material so only sixteen
paired samples were analyzed. Of these samples, 5/16 (31.2%) demonstrated
methylation in RPFNA bilaterally, 7/16 (43.8%) demonstrated methylation in RPFNA

unilaterally and 4/16 (25.0%) demonstrated the absence of methlylation in either breast.

Correlation of RARB2 P2 Promoter Methylation in RPFNA with Masood Cytology
Index Scores: RPFNA aspirates were stratified for cytolbgic atypia using the Masood
cytology index. The distribution of RARpB2 P2 promdter methylation was reported as a
function of increased cytologic abnormality. Figure 3a shows the number of samples
with M3 region methylation for each Masood score. As the Masood score increased, the
percentage of samples with M3 region methylation increased. Importantly, no sample
with a Masood score of 10 or less exhibited RAR2 P2 promoter methylation at either the
M3 or M4 region. The 28 samples without M3 region methylation had a median Masood
score of 11, while the 29 samples with M3 region methylation had a median Masood
score of 13. There was a significant difference between the two groups (p=0.0018).
Figure 3b shows the number of samples with M4 region methylation for each Masood
score. The 35 samples without M4 region methylation had a median score of 12, while
the 20 samples with M4 region methylation had a median Masood score of 13.5
(p=0.0002). Figure 3c shows the presence of both M3 and M4 region methylation for

each Masood score. The 42 samples without methylation at both regions had a median
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Masood score of 12. The 13 samples with both M3 and M4 region methylation had a
median Masood score of 14 (p=0.0051).

Correlation of RARB2 P2 Promoter Methylation in RPFNA with Cell Count: The
presence of RARp2 P2 promoter methylation was compared to total cell count of each
corresponding RPFNA slide. The 22 samples without M3 or M4 region methylation has
a median cell count of 10, while the 34 samples with either M3 or M4 region methylation

had a median cell count of 300 (p=0.003) (Figure 4a,b).

Correlation of Masood Score with Cell Count: RPFNA Masood scores were compared
to the total cell count of each sample (Figure 4c). The Spearman Correlation Coefficient
is 0.67 and indicates a significant correlation between the cell count and the Masood

score (p<0.0001).
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Discussion

Tumorigenesis is hypothesized to be a multistep process resulting from the accumulation
of genetic losses and epigenetic changes. Epigenetic changes, mainly DNA methylation
and modification of histones are now recognized as playing a critical role in mammary
carcinogenesis (13, 37). To better define the role of promoter hypermethylation in early
mammary carcinogenesis, we prospectively tested 1) the frequency of RARp2 P2
promoter hypermethylation in RFPNA specimens obtained from women at high-risk for
breast cancer and 2) whether the presence of RARB2 P2 promoter hypermethylation

correlates with the presence of early cytologic changes.

In 1996, the late Helene Smith proposed a model of mammary carcinogenesis where
breast cancer developed in a “high-risk epithelial field” in which some of the genetic and
epigenetic aberrations found in cancer may also be present in the morphologically normal
surrounding epithelium (8). Loss of heterozygosity of RARB2 has been detected in
normal epithelium adjacent to breast cancer but not in distal epithelium, supporting a
“field effect” of increased risk (8). Yet it has been found that LOH cannot fully account
for the frequent loss of RARB2 expression in breast cancer (38). Further, the presence of
methylation has been shown to correlate between tumor and the apparently normal
adjacent tissue. For example, RARS2 P2 promoter methylation has been detected in
normal adjacent tissue of head and neck squamous cell carcinoma (HNSCC) tumors
where RARB2 P2 promoter methylation was also present; RARB2 P2 methylation was not
detected in normal epithelium near unmethylated HNSCC (39). Taken together, an early
epigenetic change such as methylation may contribute to this “field effect” seen in breast
cancer, and RARB2 P2 promoter methylation occurs early enough along this progression

to potentially serve as an effective biomarker.

In this study we observe that RPFNA specimens obtained in women at high-risk for
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breast cancer exhibit 1) a high frequency of methylation at the M3 and M4 regions of the
RARp2 P2 pfomoter and 2) a positive correlation between the presence of RARB2 P2
promoter methylation and increasing Masood cytologic abnormalities (Figure 3). RARRB2
P2 promoter methylation was also observed in 69% of primary low risk breast cancers
and, importantly, was not observed in ten non-proliferative, cytologically normal RPFNA
specimens (Masood index <10). The frequency of RARB2 P2 promoter methylation at
the M3 region was unexpectedly high in RPFNA exhibiting low-grade proliferative
changes (Masood index 11-12) which may reflect the overall breast cancer risk of this
cohort. However, the presence of both M3 and M4 RARp2 P2 promoter methylation in
RPFNA was 15% for specimens with low-grade proliferative changes and 30% for
RPFNA specimens exhibiting high-grade proliferative changes (Masood index 13).
Studies are in progress to test whether the presence of RARB2 P2 methylation can be

used to further risk stratify high-risk patients with proliferative changes.

These studies used MS-PCR to detect the presence of RARB2 P2 promoter methylation at
two target regions. MS-PCR is an established method for detecting methylation in DNA
sequences. The method has been successfully used to examine methylation in relatively
homogenous samples such as cancer cell lines and tumor specimens. In such samples,
primers anneal to plentiful “target” sequences readily. However, RPFNA samples consist
of cells from the whole breast—a heterogeneous collection that may or may not include
“fields” of increased risk. Assuming RARB2 P2 promoter methylation is present in an
RPFNA sample, MS-PCR primers would have far less “target” DNA to possibly bind,
compared to in homogeneous samples with potentially gréater amounts of “target”. MS-
PCR in RPFNA samples is then complicated by two factors: 1) less “target” DNA and 2)
a sea of presumably unmethylated DNA from the whole breast that partially impairs
proper annealing of methylated primers. These factors are more easily overcome in cell

lines and tumor specimens, but require additional PCR optimization in RPFNA samples.
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It is for these reasons that the PCR was optimized with such specific buffers and
additives. Additionally, the cellular sensitivity experiment was set up for each region to
gauge the effect of unmethylated DNA during amplification of the methylated “target”
DNA. The optimization also included refining the program to ensure small amounts of
“target” positive control (as low as ~5 pg DNA) could be amplified, to mirror the small
amounts of potentially methylated sequeﬁces in the RPFNA samples. When optimized,
the MS-PCR assay was able to detect 0.005% methylation at the M3 region and 0.05%
methylation at the M4 region. Thus, the final optimized programs are quite sensitive, so
each program was run in triplicate and only repeatable bands were counted as

methylated.

Breast RPFNA has been used to predict both short-term breast cancer risk and monitor
. response to chemoprevention agents (25, 26). There are, however, some current
limitations of breast RPFNA. First, much of the assessment of RPFNA samples has been
focused on morphologic analysis. Molecular analysis of RPFNA samples may have the
potential to enhance both the reproducibility and prognostic value of RPFNA. Second,
many breast cancer prevention agents inhibit mammary cell proliferation and therefore
have the potential to reduce the cell yield from RPFNA. As seen in our study as well as
others’ (29), MS-PCR studies on methylated genes such as RARP2 can still be performed
even when epithelial samples are inadequate for cytology. The statistically significant
correlation between increasingly atypical morphologic appearance and the increase in
rates of detectable methylation at the RARbeta promoter site supports the concept that
the methylation assay is accurately detecting an early step in carcinogenesis. The
addition of MS-PCR-based marker analysis of RPFNA provides additional sensitivity to
assist in determining whether a prevention agent 1) solely acted to decrease proliferation
or 2) was also successﬁﬂ in eliminating abnormal cells. Thus, RPFNA coupled with

methylation studies shows promise for the early detection of breast cancer risk and
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provides an extremely sensitive marker to track response to breast cancer prevention

agents.
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head and neck squamous cell carcinoma
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Table 1: MS-PCR Primer Sequences and Reaction Conditions

sequences 1x buffer (& additives) | annealing temp
M3 S 5-GGT TAG TAG TTC GGG TAG GGT TTA TC-3' ég'gmgg‘f;so“ 57°C
AS 5-CCG AAT CCT ACC CCG ACG-3 3.0 mM MgCly
U3 | 8 5“TTA GTA GTT TGG GTA GGG TTT ATT-3 2(5) ‘]‘,‘x ((;4}1{{2)258)04 5700
AS 5-CCA AAT CCT,ACC CCA ACA-3 4.5 mM MgCl,
15 mM (NH,),SO;4
Ma | S5-GTCGAG AAC GCG AGC GAT TC-3' 60 Tris (pH 9.0) 55°C
AS 5'-CGA CCA ATC CAA CCG AAA CG-3' 3.5 mM MgCl,
0.15 M 2-pyrrolidinone
U4 | S 5-GAT GTT GAG AAT GTG AGT GAT TT-3' ég ?2’: ((1:}1{{%)258)04 570C
AS 5-AAC CAA TCC AAC CAA AAC A-3' :
4.5 mM MgCl,
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Table 2: Patient Characteristics of Early Stage Breast Cancer

Women Enrolled in Study 16
Number of Biopsy Samples Taken 17
N=16
Age (years) 57 (34-82)
Race Caucasian 14 (87.5%)
African-American 2 (12.5%)
Menopausal Status ‘ Postmenopausal 11 (68.8%)
‘ Premenopausal 5 (31.2%)
Stage of Breast Cancer Stage 0/DCIS 1 (6.3%)
Stage 1 8 (50.0%)
Stage 2 7 (43.7%)
Tumor Size (cm) 3.2 (0.5-5.0)
Type of Tumor Invasive Ductal 12 (75.0%)
: Invasive Lobular 1 (6.3%)
Mixed Ductal/Lobular 2 (12.4%)
DCIS 1 (6.3%)
Tumor Receptor Status ER+ 11 (68.9%)
PR+ 8 (50.0%)
Lymph Node Positive Disease 5 (31.2%)
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Table 3: Patient Characteristics for RPFNA

Women Enrolled in Study 38
FNA Samples Collected 67
Number of RPFNAs with Insufficient 11
Epithelial Cell Count
Number of RPFNAs Submitted for Analysis 56
N =38
Average Age and Range (years) 46 (29- 64)
Race Caucasian 33 (86.8%)
African-American 5 (13.2%)
Menopausal Status  Postmenopausal 18 (47.4%)
Pre/Perimenopausal 20 (52.6%)
Hormone Replacement Use
Current 2 (53%)
Ever-use 9 (23.7%)
Never use 27 (71.0%)
Anti-Estrogen Therapy (at the time of REPNA)
Tamoxifen 2 (5.3%)
Raloxifene 1 (2.6%)
Aromatase Inhibitor 2 (5.3%)
Family History of Breast Cancer 17 (44.7%)
Prior Abnormal Biopsies
LCIS 1 (2.6%)
DCIS 5(13.2%)
ADH 10 (26.3%)
Hx. Contralateral Br.CA |5 (13.2%)
Number of Bilateral RPFNA 17 (44.7%)
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Figure 1: MS-PCR Targets. MS-PCR primers were designed to amplify regions of
known methylation regions in the RARp2 P2 prombter (14). M3 region
(methylated nt -51 to nt 162; unmethylated nt -49 to nt 162) includes the RARE,
TATAA box, and transcription start region; M4 region (methylated nt 104 to nt
251; unmethylated nt 101 to nt 250) contains an Spl element. Methylated CpGs
were previously identified by sequencing of cell lines and primary tumof samples

and are depicted as filled circles (14, 15).
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Figure 2: RPFNA Cytology and -Methylation of RARB2 P2 Promoter. (a)
Representative RPFNA specimens in high-risk women. The numeric value denotes
the Masood Cytology Index Score for this specimen. The presence of RARp2 P2

’ promoter methylation at either the M3 or M4 region is denoted as Methylated. If
neither region is methylated, the specimen is labeled Unmethylated. (b)
Hypermethylation of RARB2 P2 promoter M3 and M4 regions in RPFNA obtained
from 5 high-risk women. (M3) and (M4) denote the use of primers to identify
methylated RARB2 P2 regions 3 and 4, respectively. (U3) and (U4) denote the use
of primers to identify unmethylated RARB2 P2 regions 3 and 4, respectively. (+)
denotes a methylated positive control in the M3 and M4 gels, HMEC-SR in the U3
gel, and HS578T in the U4 gel. (-) denotes the negative control.
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Figure 3: Correlation between RARB2 P2 Promofer Methylation in RPFNA with
Masood Cytology Index Scores. RPFNA aspirates were assessed for cytologic
atypia using the Masood cytology index. The distribution of RARB2 P2 promoter
méthyiation‘is depicted as a function of increased cytologic abnormality. (a) The
distribution of RFPNA samples with M3 region methylation relative to Masood

| cytology score. (b) The distribution of RFPNA samples with M4 region
methylation relative to Masood cytology score. (¢) RPFNA samples containing

methylation at both the M3 and M4 regions relative to Masood cytology score.
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Figure 4: Correlation between RPFNA Cell Count and RARB2 P2 Promoter
Methylation and Masood Score. (a, b) The presence of RARB2 P2 promoter
methylation at the M3 (a) and M4 (B) region is depicted relative to total cell count
of each RPFNA sample. (¢) RPFNA Masood cytology index scores are reported

relative to the total cell count of each sample.
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